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A B ST R A C T
Many new compounds of chromium(II) and one of chromium(III) have been 
prepared under anaerobic conditions and investigated by spectroscopic, 
magnetic susceptibility and, in a few instances, X-ray powder and single 
crystal techniques.
New halogenochrom ate(II) complexes [3-ClC6H4NH3]§[CrCl6]Cl4, [4- 
HOC6H4NH3]4[CrCl6] and [l-MepipzH2]3[CrCl6]Cl2  have been characterized. 
The salts are magnetically-normal, high-spin chromium(II) compounds. 
Reflectance spectra are as expected for highly distorted complexes, 
confirm ing the six-coordinate octahedral structure. The compounds 
[C3H8N6][CrCl6], where C3H8N6 is melaminium, [3-ClC6H4NH3]8[CrBr6]Br4, 
[4-BrC6H4NH3]2[CrBr4] . H20 ,  [ 1-M e p ip z H 2]3[CrBr6]Br2 and
[HO(CH2)3NH3]8[CrBr6]Br4. 2C2H3OH are antiferromagnetic, whereas the 
compounds [4-BrC6H4NH3]2[CrCl4]. CH3C 0 2H, [2-CH3C6H4NH3]2[CrCl4]- 
CH3C 0 2H, [CH3C(0)0(CH2)2NH3]2[CrCl4], [CH3C(0)0(CH2)2NH3]2[CrBr4l  
[CH3C(0)0(CH2)3NH3]2[CrCl4] and [CH3C(0)0(CH2)3NH3]2[CrBr4] exhibit 
typical ferromagnetic behaviour. Reflectance spectra are as expected for 
tetragonally-distorted octahedral chromium(II) compounds. Thus, from the 
magnetic and spectral results halide-bridged polymeric structures have been 
a s s ig n e d .  S in g le  c ry s ta l  X -ra y  in v e s t ig a t io n s  o f 
[CH3C(0)0(CH2)2NH3]2[CrBr4] confirm the assignment, showing that each ■ 
square planar [CrBr4]2" unit is bridged by bromide to four like units to form 
-[CrBr4]n- layers. A new series of trihalogenochromates(II) [A][CrX3]- 
CH3C 0 2H, where A is CH3C(0)0(CH2)2NH3 or CH3C(0)0(CH2)3NH3 and X 
is Cl or Br, with unexpected magnetic behaviour, has been prepared. They 
ex h ib it ferrom agnetic  behav iou r a lthough  up till  now all 
trihalogenochrom ates(II) have been found to be antiferrom agnetic
n
compounds with linear chain structures. From the magnetic and spectroscopic 
results halide-bridged polymeric structures are proposed but crystals suitable 
for X-ray structure determination could not be obtained.
One compound of chromium(III), [4-BrC6H4NH3]6[CrBr6]Br3. 2CH3C 0 2H 
was inadvertently obtained from a chromium(II) solution. It is magnetically- 
dilute, and the reflectance spectrum is typical of an octahedral chromium(III) 
complex. Single crystal X-ray investigations show that it contains [CrBr6]3' 
octahedra and it is only the second example of this type.
The com pounds [C 3H8N6]0 5[Cr2(CH3C 0 2)4C l] . CH3C 0 2H and  
[Cr2(C8H40 4)2(H20 )2]. 2H20  are believed to be dinuclear chromium(II) 
compounds from their reflectance spectra and magnetic behaviour.
Nitrogen-donor complexes of the type [CrX2(tpam)] (where X = Cl, Br, SCN), 
[Cr2(H2nni)(SCN)4], [Cr(H2nni)(CF3S 03)2] . 2C 2H5OH, [Cr2(H2nni)I4]- 
C2H5OH, [Cr(H 2n n1)(BF4)2]. O.SC2fI3OIf, and [CrX2(bedp) (where X = Cl, Br, 
If SCN and BF4) have been characterized. The com pounds are 
antiferromagnetic. Thus, from the magnetic and spectral results bridged 
polymeric structures have been assigned, whereas [Cr(tpam)2]Br2. 5H20, 
[Cr(tpam)I2]. 7H20  and [CrCl2(ddad)] are magnetically-normal and high-spin 
and do not have polym eric bridged structures. The com plexes 
[Cr(tpam)2](CF3S 0 3)2. C2H5OH, [Cr(tpam)2](BF4)2. 2H20 , [Cr2(tpen)0 5C14)]. 
C2H5OH, [Cr2(H2nni)Cl4]. 2C2H3OH and [Cr2(H2nn1)Br4]. 2C2H3OH are low- 
spin. Thus, from the magnetic and spectral results octahedral structures have 
been assigned.
The tertiary diphosphine complexes [CrCl2(dppb)2], [CrCl2(dppen)2], 
[Cr(MeCN)(depe)2](BPh4)2, [Cr(SCN)2(depe)2]. H 20 , [Cr(SCN)2(depe)] and
m
[O^I^dppb)] are low-spin. The complexes [CrBr2(dppp)], [Crl2(dppen)] and 
[Crl2(dppp)^ g] are high-spin. The complexes [Cr2(BF4)4(dppp)]. 2H20, 
[Cr2Br4(dppen)] and [Cr2Br4(dppb)] are antiferromagnetic. From the magnetic 
behaviour tentative structures are assigned.
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CHAPTER ONE
Introduction
1.1 In trod u ction
Chromium is the first member of the group VI transition metals, having the 
electronic configuration [Ar] 3d54s1. It shows oxidation states from -II to +VI. 
In these oxidation states, chromium forms compounds of different 
stereochemistry.1 The present thesis is mainly concerned with the chemistry of 
chromium(II) and therefore in the following sections only chromium(II) 
compounds will be discussed. The different stereochemistries shown by 
chromium(II) along with some examples are given in Table 1.1.
Table 1.1 Some Chromium(II) Compounds
Oxidation Coord. Geometry Examples
state no.
Cr2+,d 4 3 Distorted T '  CrfOCBuD^.UCKTHF^
4 Planar Cr{N(SiMe3)2}2(THF)2
[Et4N]2[Cr(S2C2H4)2]
4 Tetrahedral [Cr(NO) {N(SiMeg)2} g]
5 Trigonal [CrBr{N((CH2)2NMe2)g}]+
bipyramidal
5 Square pyramidal [Cr(NH3)4H20 ]2+
6 High- spin, dist. [Cr(en)3]2+
1
Table 1.1 Continued
7
Low spin,
octahedral
Tetragonal base:
trigonal cap (4:3)
Pentagonal
bipyramidal
[Cr(phen)3]2+
[Cr(CN)6]4-
[Cr(CNBut)7]2+
[CrH2{P(OMe)3}5]
The aqueous chromium(II) ion is bright blue and highly sensitive to aerial 
oxidation. At one time it was thought impossible to obtain chromium(II) salts 
from aqueous solution by the reaction of metal with acid because hydrogen 
ions were thought to cause oxidation.2
Cr2+ + H+ > Cr3+ + 1/2 H2
3
Hunt and Earley have since shown that in the absence of catalysing
impurities oxidation by hydrogen ion is very slow so that stable chromium(II)
4 5solutions can be and have been obtained ’ from the pure (electrolytic) metal 
(99.5%+), although the reaction with acid may need to be initiated by heat 
and the inclusion of some metal previously attacked by acid.
Chromium(II) solutions can be prepared by any one of the following methods:
(1) The electrolytic reduction of chromium(III) solutions.6,7
g
(2) By dissolving chromium(II) acetate in mineral acids.
2
(3) By heating an excess of spectroscopically pure chromium with dilute
4  5
non-oxidising acids.
9
(4) By the reduction of chromium(III) salts with zinc and mineral acid.
(5) By reducing chromium(III) salts with hydrogen at high temperature.10
Chromium(II) halides, the acetate, and acetonitrile or THF adducts are mostly 
used as starting materials for the preparation of compounds. The method of 
preparation of specific chromium(II) salts and solutions is given in Table 1.2.
Table 1.2. Chromium(II) Starting Materials
Compound Preparation Ref.
[Cr2(0 2CCH3)4(H20 )2] Cr2+(aq) + N a02CCH3; 11,12
Dark red brown [Cr2(02CCH3)4]
on pumping at 100°C
CrCl2. 4H20  Cr + HC1, conc. solution, add 1,7,8,13
Blue (CH3)2CO; white CrCl2 by 14,
thermal dehydration at 120 - 140°C.
CrBr2. 6H20  Cr + HBr, conc. solution add (CH3)2CO;
Blue pale yellow CrBr2 by thermal
dehydration at 120°C 
Crl2.6H 20  Cr + HI, conc. solution ; 1,7,8,13
3
Table 1.2 Continued
Bluish green dark brown Crl2 by thermal 
dehydration at 120°C
[Cr(acac)2] [Cr2 (0 2CCH3)4(H20 ) 2] + 11
Light yellow acacH, H20
C rC yC H gC N y Anhydrous CrCl2 in 13
Pale blue c 2h 5o h  + c h 3c n
[CrBr2(CH3CN)2] Anhydrous CrBr2 in
Pale green c 2h 5o h  + c h 3c n
[CrCl2(THF)2] CrCl2 extracted with THF 15
Pale green
[CrCl2(THF)] Cr + HCl(g) in THF 16
White
[CrBr2(THF)2] Crystallised from 17
Pale blue green CrBr2 + THF
Procedure (3) has been used in this work as it provides the easiest route to 
pure chromium(II) compounds.
Comprehensive reviews of chromium(II) complexes can be found in the theses 
of Patel,18 Trigg,19 Yavari,20 Khamar,21 Nelson-Richardson,22 Tucker,23 
Tabatabai,24 Babar,25 Roberts,26 Sandell,27 Leonard,28 Halepoto,29 and
Jubb.30 One article has also appeared1 surveying the literature of chromium 
compounds up to 1987. Later work is summarised in Table 1.3.
4
Table 1.3 R ecently R eported C hrom ium (II) C om plexes
Compound [ieff (B.M.) Ref-
295 K 90 K
Halide Complexes
[o -C H g C ^ N H ^ - 5.49 5.39 29
[CrCl4(CH3C 0 2H)]
[o-CH3C6H4NH3]2- 4.75 4.89 29
[CrCl4(C2HgC02H)]
[o-CH3C6H4NH3]2- 4.86 4.94 29
[CrBr4(C2H5C 02H)]
[o-CH3C6H4NH3]2[C ra 4(C4HgO)] 4.73 4.73 29
[NH4]2[CrBr4].0 .5C H 3CO2H 3.84 3.55 29
[C6H5(CH2)2NH2(CH3)]2[CrCl4] 4.30 3.94 29
[C6H5NH3]2[CrBr4] 4.74 4.50 29
[C6H5NH3]2[CrCl4] 5.51 8.00 29
[C6H5CH2NH3]2[CrCl4] 6.04 9.67 29
5
Table 1.3 Continued
[C6H5CH2NH3]2[CrBr4] 5.68 12.21 31
[C6H5CH2NH3]2[CrCl33Br071] 5.62 10.07 32
[CgH5CH2NH3]2[CrCl2 2Bri g] 5.83 11.37 32
[C6H5NH3]2[CrClBr3] 5.77 10.93 32
[CgHjNHj] [CrCl3] 29
Halide Adducts of Tetrakis(acetato)dichromium(II)
[NH4]2[Cr2(CH3C 0 2)4Cl2] 1.35 0.89 29
[NH4]2[Cr2(CH3C 02)4Br2] 0.60 0.49 29
[C(NH2)3]2[Cr2(CH3C 0 2)4Cl2] 0.59 0.47 29
[C4H12N2]2[Cr2(CH3C 0 2)4Cl2] 0.67 0.49 29
[C5H5NH]2[Cr2(CH3C 0 2)4Cl2] 0.85 0.55 29 ;-
[C5H5NH]2[Cr2(CH3C 0 2)4Br2] 1.00 0.42 29
[C6H5NH3]4[Cr2(CH3C 0 2)4Cl4] 0.80 0.77 29
[CgH5NH3]4[Cr2(CH3C 0 2)Br4] 1.01 0.66 29
6
Table 1.3 Continued
[C ^ C I^ N H g V
[C^CHgCC^Cy
[C6H5CH2NH3]4-
[Cr2(CH3C02)4Br4]
[C6H5(CH2)2NH2CH3]4-
[Cr2(CH3C02)4Cl4]
Complexes with Nitrogen Donors
[Cr(thiourea)2 (NCS)2]
[Cr(OPD)4]Cl2
[Cr(dan)2Cl2]
[Cr(dan)2(CF3SOg)2] 
[Cr(Me4Phen)(NCS)2] 
[Cr(Me4Phen)2(CF3S 03)2] 
[Cr(Me4Phen)3] [CF3S 0 3]2
0.71 0.48 29
0.80 0.50 29
0.96 0.70 29
4.53 4.05 30
4.84 4.77 30
4.61 4.51 30
4.63 4.73 30
4.44 3.54 30
3.13 3.00 30
2.96 2.72 30
7
Table 1.3 Continued
[Cr(bipy)3][CF3S 03]2 
[Cr(pic)2][CF3S 03]2 
[Cr(pic)2][BF^2. 0.5H2O 
[Cr(pic)(NCS)2]
[Cr(4-ppy)4] [CF3S 03]2 
[Cr2(CH3C 0 2)4(4-ppy)2]
[ AsPh]4 [CrCl {H2B (pz)2 }2] 
[AsPh]4[CrBr{ H2B (pz)2 }2] 
[PPh4][CrBr{H2B(pz)2}2] 
[NEt4] [Crl{ H2B(pz)2 }2] 
[NEt4][Cr(NCS){H2B(pz)2}2] 
[(T| -2,5-Me2C4H2N)2Cr(py)2] 
[r|-C4H4N]2[Cr(py)3]
2.65 2.74 30
4.60 4.68 30
4.55 4.54 30
4.08 3.07 30
4.74 4.61 30
0.60 0.50 30
4.82 - 33
4.83 - 33
4.77 - 33
4.93 - 33
4.85 - 33
4.87 - 34
2.73 - 34
8
Table 1.3 Continued
[(7-azaindolyl)2Cr(DMF)2] 0.60 - 34
[(t| -2,5-Me2C4N2)4- 4.59 - 34
CrNa2(THF)2(Et20)],
[Cr(opd)Cl2] 3.77 2.57 35
[Cr(opd)2I2]. 1.5EtOH 4.83 4.78 35
[Cr(opd)2(NCS)2] 4.19 3.20 35
[Cr(opd)4]Br2 4.84 4.77 35
[Cr(opd)4](CF3S 0 3)2 4.85 4.73 35
[Cr(opd)6]Cl2 4.81 4.79 35
£Cr2(Sac)4]. 2THF - - 36
[Li]2[Cr(Etbarb)4].2EtOH - - 36
[Cr(pyb)Cl2].H 20  4.67 4.66 37
[Cr(pyi)Cl2]. 0.5H2O 4.57 4.11 37
[Cr(pyim)Cl2].H 20  4.78 4.33 37
9
Table 1.3 Continued
[{CrCl2(n-MeNHNH2)}n]
[ I Cr(|X-Cl)2(Me2NNH2)2} n]
[{Cr(g-Cl)2(PhNHNH2)2}n]
[{Cr(n-Br)2(PhNHNH)2}n]
[ {Cr(|X-NPh2)(NPh2)} 2]
[{Cr[g-N(C6Hn )2]-
[N(C6Hn )2]}2]
[{Cr(n-NPri2)(NPri2)}2]
[{Cr(n-NPh2)(NPh2)(thf)}2]
[Cr(NPh2)2(py)]. O.Spy
[Cr(NPh2)2(thf)2]
[Cr(C12H8NS)2(thf)2]
Na2[Cr(NPh2)4(thf)4]
Li2[Cr(NEt2)4(thf)2]
Table 1.3 Continued
Li2[Cr(NEt2)4(py)2] 
[Cr2{NMe(C5H4N-2)}4]. 2thf 
[{Cr[N(C3H4N-2)2]2}2]. 2dmf 
[Cr(dptaa)]
[CrCl2(MeCN)2]
[CrBr2(MeCN)2]
Tertiary Diphosphine Complexes
[Crl2(depe)2]
[CrBr2(dmpe)2]
[Crl2(dmpe)2]
[CrCl2(depe)2]
[CrBr2(depe)2]
4.83 - 39
0.34 - 39
0.31 - 39
2.85 2.72 40
4.79 4.47 41
4.78 4.40 41
4.86 2.85 42,43
2.92 2.85 43
3.04 2.93 43
2.83 2.84 43
3.30 3.02 43
Table 1.3 Continued 
Compounds with Aryloxides
[2,4,6-(But)3(C6H20 )2Cr(py)2] - - 44
[(PhO)10Cr2U 6(THF)6] - - 45
[(2,6-Me2C6H30 )6Cr2Li2(THF)4] - - 45
[(GuO)14Cr3NagCl] - - 45
Compounds with Alkoxides
[(PriO)8Cr2Na4(THF)4] 3.25 - 46
Na4(TMEDA)4- 3.48 - 46
[(p-g-OPh) 1()Cr4(p3-0)3]
Compounds with Siloxide
Cr[OSi(OBut)3]2(NHEt2)2 4.7 - 47
Compounds with Nitrogen and Oxygen Donors
[Cr(pyS03)2(py)4] - - 48
[Cr(pyS03)2(H20 )2]n - - 48
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1.2 R eflectan ce Spectra
The free ion term 5D arising from the high-spin d4 system of chromium(II) is 
split49 in a regular octahedral field into a lower doublet 5Eg term and an upper 
triplet 5T2o term (Figure 1.1). Therefore, only one spin-allowed d-d transition,
corresponding to the 5Eg > 5T2c,transition is expected in the visible spectra
of octahedral chromium(II) complexes. Examination of the Tanabe-Sugano 
diagram for the 3d4 ion in an octahedral field suggests50 that the 5Eg — > 5T2g 
transition should appear near 12,000 cm '1 for a complex with A (= lODq) -  
13000 cm '1. However, ligand field theory predicts that the high-spin d4 
system, like low-spin d7 and d9 is Jahn-Teller unstable.51 Therefore,
chromium(II) complexes are usually distorted (axial elongation or contraction) 
from perfect octahedral symmetry even when six identical ligands are 
coordinated. The resulting distortion leads52’53 to further splitting of the Eg
and T2g terms as shown in Figure 1.1. Bersuker, using simple group theoretical 
arguments, indicates that the particular conformation (whether elongated or 
compressed) present in a tetragonal complex of a d4 or d 9 ion may be 
determined from relative intensities of the transitions to the states arising from 
the splitting of the 5T2 (in 0 ^ )  level. His arguments suggest that of the two
components, the band with greater intensity will be at the higher energy in the; 
axially elongated complexes. For compressed complexes the lower intensity 
band is at higher energy.
Under elongated tetragonal distortion 5B lo is the ground term and three bands 
are expected due to the transitions 5B lo---------- >5Alg, 5B lg------------ >5B2g
13
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and 5B lg--------------- >5Eg. Liehr and Ballhausen54 have calculated that the
separation of the 5Eg and 5B2g terms will be of the order of 2,000 cm '1, while 
the 5B lg and 5Alg term will be separated by approximately 6500 cm"1. 
Because the separation between 5Eg and 5B2g is small, the bands due to the
two transitions 5B lg---------------->5B2g and 5B lg----------------- >5Eg are nearly
always unresolved in the visible region. As a result the spectra of many 
chromium(II) complexes consist of a broad band from about 13,000 to 17,000 
cm'1 which can sometimes be resolved (e.g. at low temperature) into the three 
spin-allowed components.55 Other complexes have partly resolved spectra
with a shoulder or peak on the low energy side of the broad band.56’57 
Aqueous chromium(II) spectra exhibit a broad asymmetric band in the visible 
region. This has been attributed by Orgel58 and others54 to tetragonal 
distortion of the octahedral [Cr(H20 )6]2+ ion brought about by the Jahn-Teller 
effect. Lower symmetry complexes such as CrL4X2 (L = Mepy, im, pz, 1,3-pd, 
Me2en) also show55 split spectra due to the low symmetry field combined with 
the Jahn-Teller effect. It may be noted that for the complexes trans-CrL4X2 the
5B lg--------------- >5Alg transition should increase in energy as the crystal field
of X decreases, i.e as the difference between the field strength of L and X 
increases.55 This has been clearly demonstrated in N-methylimidazole 
complexes.59 The tetragonal structure for the high-spin d4 system has also 
been confirmed by crystallographic studies.60’61
It is interesting to note that many spin-forbidden bands can be anticipated for 
a d4 species and are often observed.55 Thus the complexes RbCrClg and 
CsCrClg show weak and narrow spin-forbidden bands in the range
15
15000-19000 cm-1. These complexes contain anionic chloride-bridged linear 
chains formed by octahedra sharing faces with little interaction between 
adjacent chains.62
1.3 M agnetochem istry
The study of transition-metal complexes by magnetic measurements is of 
particular importance because the metal ions have partly filled d-shells. 
Information on the number of d-electrons can be found from a single 
measurement of susceptibility, and further information can be obtained from a 
knowledge of its temperature dependence.
High-spin chromium(II) has the t32g e 1 configuration in a weak octahedral
ligand field. There is no orbital contribution to the magnetic moment in 
octahedral high-spin chromium(II) complexes; therefore temperature 
independent effective magnetic moments close to the spin-only value of 4.90 
B.M. are obtained. Practically, some small deviations from the spin-only 
moment are found due to spin-orbit coupling (second order orbital 
contribution ).
Low-spin chromum(II) has the t42g configuration in a strong octahedral ligand 
field where spin pairing ocours. The complexes have the ground term 3Tlg and 
are expected to have magnetic moments in excess of the spin-only value (first 
order orbital contribution). Hence, for complexes with the t42g configuration
an effective magnetic moment higher than the spin-only value of 2.83 B.M. is 
expected.
16
Generally high-spin chromium(II) complexes display different types of 
magnetic behaviour: simple paramagnetism, antiferrom agnetism  and 
ferromagnetism. Recently, the spin-crossover phenomenon has also been 
observed. Therefore, an introduction to the different types of magnetic 
behaviour is given in the following sections.
Sim ple P aram agnetism
Magnetically-dilute chromium(II) compounds show simple paramagnetism 
with effective magnetic moments close to spin-only value of 4.90 B.M. which 
do not vary with temperature. Simple paramagnetism arises because the 
individual paramagnetic centres are independent of their neighbours and there 
is no magnetic exchange between the metal atoms. These types of complexes 
obey the Curie law (%A = CAT).
A n tiferro m a g n etism
M ag n e tic  a lly -c o n c e n tra te d  c h ro m iu m (II)  c o m p o u n d s show  
antiferromagnetism or ferromagnetism. These behaviours arise due to 
departure from the expected configuration of t32g e ^ . The departure arises
from interaction between the various magnetic centres through the exchange 
phenomenon. Interaction may take place directly between two paramagnetic 
metal ions sufficiently close together, leading to spin pairing and the formation 
of a weak covalent bond between the metal ions. Interaction can also take 
place through intervening atoms by a process known as “Superexchange”. 
Here the interaction is transmitted through the orbitals of the bridging atom or 
atoms and suitable overlap is required between the orbitals of the bridging
17
and bridged atoms.
Antiferromagnetic substances have lower than normal magnetic moments and 
susceptibilities which are temperature dependent in a characterstic way. 
Antiferromagnetic behaviour is shown by substances where the individual 
magnetic dipoles interact with one another and tend to align antiparallel by 
direct exchange or by superexchange via bridging atoms. The magnitude of 
interaction depends on the value of J (exchange coupling constant); a large 
negative value of J indicates strong antiferromagnetic interaction.
The idealised plot of magnetic properties for antiferromagnetic substances is 
shown in Figure 1.2b. For antiferromagnetism there is a characteristic 
temperature called the Neel temperature TN. Above TN the substance has the 
behaviour of a simple paramagnetic, but below the Neel temperature the 
susceptibility drops with decreasing temperature. Above TN, the Curie-Weiss 
law %A = C/(T + 0) is obeyed with positive 0 values and the susceptibility is 
independent of field strength. Such complexes often have dimeric, trimeric or 
polymeric structures with bridging anions such as halide, thiocyanate or 
carboxylate.1
F errom agn etism
Ferromagnetic substances show high tem perature-dependent magnetic 
moments. For some chromium(II) compounds in which the chromium(II) atoms 
are close enough for some d-d interaction but not close enough for normal 
bond formation, the magnetic vectors on adjacent centers align parallel to 
each other and ferromagnetism is observed. For such substances the value of J 
is positive and the idealised plot of magnetic susceptibility for a ferromagnetic
18
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Figure 1.2 Idealised Plots of Magnetic Susceptibility vs Temperature
(a) Paramagnetism
(b) Antiferromagnetism
(c) Ferromagnetism
19
substance is shown in Figure 1.2c. These compounds usually obey the Curie-
Weiss law %A = C/(T + 6), above the Curie temperature (Tc ) with a negative 0
value. As the temperature decreases the susceptibility increases more rapidly
than expected for a simple paramagnetic compound. Below Tc the
ferromagnetic alignment will occur extensively, where all the individual
moments increasingly line up parallel and the susceptibility becomes field 
dependent.
Chromium(n) complexes of the type A^CrX^] ( A = Cs, RNH,; R = Me, Et, Pr;
X = Cl or Br) show ferromagnetic behaviour and have polymeric structures 
with sheets of halide-bridged tetrahalochromate(II) units (Figure 3.2) which 
allow the magnetic alignment to take place.1
20
2 .1  E quipm ent for H andling Air Sensitive C om pounds and  
P reparative M ethods
Almost all chromium(II) compounds are air-sensitive so they were handled 
under nitrogen or in vacuum. The apparatus and equipment used for the 
present work are described below.
2 .1 .1  The N itrogen  Line
The nitrogen line which was first described by Larkworthy63 and later 
modified and improved by many other workers19,21' 30’64’65 is shown in Figure
2.1. This line was used to prepare, filter, wash, and dry air-sensitive 
compounds.
2 .1 .2  The N itrogen  Box
The nitrogen box was found to be an essential supplement for the handling of 
air-sensitive, hygroscopic compounds. The box used during this work was 
Faircrest Engineering Mark 4A model which is shown in Figure 2.2. The main 
uses of the box are for the transfer of compounds from filters to different tubes 
for magnetic measurements, reflectance spectra, microanalysis, and for making 
mulls for infrared spectra.
2 .1 .3  G lassw are
For aqueous and ethanolic reactions, “all-in-one” greased three-tapped 
vessels (Figure 2.3) or a greased three-tapped head (Figure 2.4) with a flask
21
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Figure 2.3 uAlI-in-one” Greased Three-Tapped Vessel
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Figure 2.4 Greased Three-Tapped Head
Figure 2.5 Reaction Flask
25
(Figure 2.5) were used. For non-aqueous reactions, “all-in-one” greaseless 
three tapped vessels were used to avoid the problem of grease stripping when 
using solvents such as THF, toluene and hexane. As can be seen from Figure 
2.6 the design is the same as its greased counterpart, the only modification 
being in the replacement of the greased taps with greaseless ones. Some 
complexes were prepared in glassware with a built-in condenser and 
greaseless taps (Figure 2 .Hob) ■
The sinters were mainly grade 2 or 3 (Figures 2.8>a and 2.8b). It was vital to 
remember to insert a tapped adapter before dismantling the filtration apparatus 
in the inert atmosphere box.
The solvents were dried and deoxygenated in bulk (as outlined in Section 2.2) 
and stored in one-litre flasks until required. Delivery heads such as that shown 
in Figure 2.9 allow anaerobic transfer of solvents to reaction vessels without 
the need for syringe techniques.
26
Figure 2.6 “All-in-one” Greaseless Three-Tapped Flask
/  N
V___ J
Figure 2.8
Figure 2.8a Figure 2.8b
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*B29
Figure 2.9 Delivery Head
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2 .2 Solvent P urification  and Storage
All the solvents and reagents used in experiments involving air-sensitive 
compounds were carefully deoxygenated before use, since any traces of 
oxygen could lead to unwanted side reactions.
2.2.1 Solven t P u rifica tion
All solvents were purified according to published methods.65 Once initial 
purification had been carried out, the solvent was poured into a two-litre 
round-bottomed flask and attached to the still shown in Figure 2.10. After 
refluxing for the stated time, the freshly distilled solvent was run into a bulk 
storage vessel as described below.
2.2.1.1 T etrahydrofuran
Potassium hydroxide pellets (100 g) were added to a W inchester of 
tetrahydrofuran (THF) and left for one day. The THF was filtered through 
glass wool into a two-litre round-bottomed flask and refluxed for two hours 
over a piece of potassium metal. Several grams of benzophenone were added 
and the reflux continued until a dark blue purple colour persisted. The flask 
was topped up with KOH or sodium-dried THF.
The apparatus was cleaned and set up again with freshly dried THF every four 
weeks. Any remaining potassium metal was destroyed by the careful addition 
of butanol or methylated spirit, and once the reaction had ceased the residue 
was discarded with plenty of water
30
Nitrogen from bench supply
water out
Condenser (coil not shown)
water in
Freshly distilled solvent
Refluxing solvent
Heating mantle
Figure 2.10 Solvent Still
31
•2.2.1.2 Diethyl ether
Iron(II) sulphate (50 g) was added to a Winchester of AnalaR diethyl ether 
which was allowed to stand for one day. Potassium hydroxide (100 g) was 
added and the Winchester was stood for two days. Three dies of sodium wire 
were finally added and left to stand for three days.
Diethyl ether was decanted into a two-litre round-bottomed flask, and 
refluxed over sodium hydroxide (20 g) until no more effervescence was 
observed. The flask was topped up with more sodium-dried diethyl ether.
It was cleaned and recharged every eight weeks, the sodium hydride residue 
being destroyed by decanting the ether into a three-litre beaker and leaving it
in a fume cupboard to evaporate. Petroleum ether (100-120°C, 750 cm3) was 
added carefully to the flask, followed by cautious addition of n-butanol to the 
mixture, waiting until hydrogen evolution slowed before adding further 
aliquots.
2.2.1.3 Toluene
A Winchester of AnalaR toluene containing two dies of sodium wire was 
allowed to stand for one day and then decanted into a two-litre round- 
bottomed flask. The toluene was then refluxed over a piece of sodium metal 
for two hours. The flask was cleaned and recharged every six weeks, the 
remaining sodium being destroyed using propanol or methylated spirit, and 
the sodium alkoxide thus formed discarded with plenty of water.
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2 .3  P reparation  of Starting M aterials
2.3.1 Chromium(II) Halides
Hydrated chromium(II) halides, i.e. CrCl2. 4H20, CrBr2. 6H20  and Crl2. 6H20, 
were prepared according to published methods.1’5 An excess of electrolytic 
chromium metal chunks (Aldrich, 99.9%) was heated at ca. 60°C in the 
corresponding acid shown below in Table 2.1.
Table 2.1
Cr(n) Halide Colour Amount of acid
(cm3)
Amount of water 
(cm3)
CrCl2. 4H20 Blue 40 60
CrCl2 White
CrBr2. 6H20 Blue 40 50
CrBr2 Pale yellow
Crl2. 6H20 Greenish blue 16 20
Crl2 Yellowish brown
The reaction mixture was heated under nitrogen for 4-6 hours, and the bright 
blue solution obtained was filtered to remove unreacted metal. Then it was 
reduced in volume until crystallization, and the crystalline suspension was
33
shaken with AnalaR acetone (except Crl2. 6H20  which is highly soluble in 
acetone) to complete crystallization.
The crystalline product was filtered off under reduced nitrogen pressure, 
washed with acetone and finally dried under vacuum at room temperature for 
two hours. The greenish blue iodide was obtained by taking the solution to 
dryness and scraping the solid from the vessel in the nitrogen box.
If anhydrous halides, i.e. CrX2 (X = Cl, Br, or I), were required then they were
prepared10’12’13 by heating the hydrate on a sinter (Figure 2.11) in an oil bath
under vacuum for several hours, raising the temperature 20°C every two hours
until a final temperature of 120°C was reached. Later the compounds were
transferred into sample tubes in the nitrogen box and the mass of sample in 
tubes was determined by difference in weight of pre-weighed sample tube.
2.3.2 Chromium(II) Acetate
Chrom ium (II) acetate m onohydrate was prepared by the reported 
methods.1’14’29 Chromium(II) chloride tetrahydrate was added to sodium 
acetate in stoichiometric ratio dissolved in deoxygenated water. The dark red 
hydrate which formed immediately was allowed to stand for about 15 minutes, 
filtered off, washed with deoxygenated ice-cold water, and dried under 
vacuum for 4-6 hours.
If anhydrous chromium(II) acetate was required11 then the hydrate was
heated under vacuum at 100°C for 8 hours to give the bright orange-brown 
anhydrous powder.
34
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Compound 
Sintered disc
Figure 2.11 Apparatus for Thermal Dehydration
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2.3.3 Chromium(II) trifluoromethanesulphonate tetrahydrate
A m ixture of chrom ium  m etal chunks (6.0 g, 0.11 m ole),
trifluoromethanesulphonic acid (Aldrich, triflic acid, 15 cm3, 25 g) and water
(25 cm3) was heated in a water bath at 65°C for 5 hours. The unreacted metal
was removed by filtration. If crystals were required the filtrate was 
concentrated by one-third, placed in the freezer and the large, well-formed, 
blue plates were filtered off and dried under vacuum for several hours. 
However, if a powder was required, the filtrate was concentrated to near 
dryness and deoxygenated AnalaR diethyl ether added to precipitate the 
product. This was filtered off under reduced pressure and dried under vacuum.
2.3.4 Chromium(II) Tetrafluoroborate Hydrate
Pure chromium metal chunks (5.0 g), tetrafluoroboric/(48%, 10.0 cm 3), and
(water 25.0 cm 3) were refluxed at 65°C for 5 hours.30 Then the unreacted 
metal was removed by filtration. If a powder was required, then the filtrate was 
taken to dryness and deoxygenated diethyl ether added to precipitate the 
product, which was filtered off and dried under vacuum. If crystals were 
required the filtrate was concentrated by one-third and put in the freezer; the 
blue plates obtained were filtered off and dried under vacuum for several 
hours.
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2 .4  M ethods of C haracterization  and A nalyses
2.4.1 Magnetic Susceptibility M easurements
Magnetic susceptibility studies were carried out from room temperature to 
liquid nitrogen temperature with a variable temperature Gouy Balance2 
supplied by Newport Instruments Ltd.
The sample was sealed under reduced pressure in a flat-based pyrex glass tube 
of uniform cross section. The glass tube was calibrated for its diamagnetism at 
various field strengths over the temperature range.
To minimise errors due to the susceptibility of air, the chamber containing the 
sample was first of all evacuated and flushed with nitrogen three times. The 
very low susceptibility of nitrogen could be neglected in calculations. A 
further advantage was that at very low temperature atmospheric oxygen 
could not condense on the sample.
The tube was suspended carefully and centrally in the cryostat (Figure 2.12) 
between the poles of the magnet. With the help of the moveable platform the 
sample could be moved to the centre of the chamber so that it did not touch 
sides of the chamber during measurements. The change in weight, w, of the 
sample, corrected for the diamagnetism of the tube, was determined at various 
field strengths. The pull w, on the sample was then determined at different 
temperatures down to liquid nitrogen temperature.
37
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Figure 2.12 Variable Temperature Gouy Balance with Cryostat
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The molar susceptibility, %M, in c.g.s. units is obtained from the equation
%M = ZglMwAVH2
where g
W
w
H
M
acceleration due to gravity, i.e. 981 cm sec'2
length of sample in cm
molecular weight of sample per chromium
field strength in gauss (from calibration curves)
change in weight of sample due to field H corrected
for the change due to the tube alone
mass of sample in g
The atomic susceptibility %A of the metal was obtained66 by correcting %M for 
the diamagnetism of the ligands and groups present using Pascal’s constants.
The effective magnetic moment, |ueff, was calculated from the relationship:
2.828 V%AT B.M. 
where T = temperature in Kelvin and B.M. = the Bohr Magneton.
2.4.2 X-Ray Powder Photography
X-ray powder photographs were taken with a Philips Debye Scherrer camera 
of diameter 114.6 mm using Cu-Ka radiation (X= 1.5418 Â) and a Ni filter. The 
following steps were carried out to prepare samples using the apparatus 
shown in Figure 2.13 :
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1. The complex was ground to a fine powder in the nitrogen box and 
transferred to sample tubes.
2. A short length of PVC tubing (diameter 3 mm) was attached to a 
Lindemann capillary (0.7 mm) at one end and to a glass joint by heating 
the tubing to make it more pliable (Figure 2.13).
3. Air was removed from the apparatus and the sample tube containing 
the fine powder attached at A under nitrogen flush.
4. By manipulation of the apparatus, the fine powder was added, a little at 
a time, to the glass capillary to depth of 1 cm.
5. The screw clip was closed to isolate the apparatus and the capillary 
detached and sealed with a cold flame followed by araldite.
6 . The capillary was then mounted in the camera and the photograph 
taken.
2.4.3 Analysis of X-Ray Powder Photograph
The lines (arcs) on the photographs have been used to obtain the interplanar 
spacings d for several chromium(II) compounds. To determine the d values, 
the distances between symmetrical pairs of arcs were measured with a special 
film-measuring vernier. The procedure for measuring arc length (s) is 
illustrated in Figure 2.14. The film strip was placed parallel to the scale of the 
vernier. For each symmetrical pair of arcs a reading X 1 was taken for the left 
arc and another X2  for the right arc. A table was made to facilitate the 
measurements (Figure 2.15). The difference (X 2  - Xj) gave the arc length (s) 
and the sum (Xj + X2) for all pairs of arcs agreed within + 0.1mm.
Bragg angles (0) were calculated using the equation X = 2 dsin0  
Comparisons were made of the 0 and d values of some chromium(II) and 
copper(II) compounds.
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2.5 Crystallisation of Compounds
Compounds were crystallised by slow cooling to obtain single crystals 
suitable for X-ray crystallography. The compound was placed in a refluxing 
flask (Figure 2.16a) or on the sinter of the Soxhlet apparatus (Figure 2.16,17) 
with the required solvent. The suspension was heated on an oil bath until all 
the compound dissolved, and the solution was allowed to cool slowly in the 
oil bath overnight.
2.6 Crystal Mounting
To protect air-sensitive crystals they were mounted in Lindemann capillaries. 
The apparatus (Figure 2.18) was first described by Babar2 5  and later by other 
workers . 2 9 , 3 0 ’6 8  It is an improvement of a published6 9  design.
1. The apparatus is deoxygenated and flushed with nitrogen three to four 
times before mounting the crystal. The inlet is protected by a glass 
shield so that the nitrogen flow will not disturb the crystals.
2. A Lindemann capillary is chosen, according to the size of the crystal 
and shortened by sealing it in a flame. It is inserted into plasticine at 
the end of a capillary glass rod and, under a nitrogen flush, attached to 
the apparatus at C. The apparatus is quickly deoxygenated in the 
usual way.
3. The sample is introduced at X, under a nitrogen flush, and allowed to 
run along a glass arm E, specifically designed for this apparatus 
enabling the easy transfer of the crystals.
4. Having selected a suitable crystal using either a microscope or a hand 
lens, the crystal is picked up using a glass fibre and inserted into the
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Figure 2.16 (a) Refluxing Flask
Figure 2.16 (b) Soxhlet Apparatus
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Lindemann capillary.
5. A small piece of wax is then placed on the tip of the glass fibre and this 
in turn is placed very carefully beside the crystal in the capillary. To 
ensure that the crystal remains stationary within the capillary during 
data collection the wax may be melted on to it later if necessary with
a hot needle.
6 . Nujol is injected into the tip of the capillary to exclude air and moisture, 
allowing the capillary to be sealed outside the apparatus.
7. The procedure is repeated several times to obtain a wide selection of 
crystals.
8 . The crystals are then mounted on an Enraf-Nonius CAD4 
Diffractometer.
2 .7  Spectroscop ic  M ethods
2.7.1 Ultra-Violet and Visible Spectra (Reflectance)
Diffuse reflectance spectra were recorded over the range 2000 nm to 350 nm 
on a Beckman Acta M1V spectrophotometer. The air-sensitive compound was 
transferred with a small spatula into the reflectance cell (Figure 2.19, 2 mm 
path length silica cell) which was stoppered in the nitrogen box. The cell was 
tapped gently to pack the sample and placed in the reflectance attachment. 
The spectrum of the sample was recorded over the above range with barium 
sulphate as the reference.
2.7.2 Infrared Spectra
The infrared spectra were recorded on a Perkin Elmer 577 spectrophotometer 
using polythene plates (Nujol mull) over the range 400-200 cm"1, and KBr
47
plates in the range 4000-600 cm '1. Some of the spectra were recorded on a 
Perkin Elmer 1750 Fourier Transform Infrared Spectrophotometer using KBr 
plates (Nujol mull) in the range 4000-600 cm"1, the mulls all being prepared in 
the nitrogen box.
2 .8  A nalytical M ethods
2.8.1 Total Chromium
The total chromium in the compounds was determined by direct combustion 
to Cr2 0 3.
Method
A crucible with lid was heated to constant weight. A known weight of 
compound (ca. 0 .2 -0 .3 g) was placed in the crucible and heated on a hot plate 
to oxidise the compound slowly without spilling. It was then ignited in a 
furnace at 800°C for three hours. The crucible was allowed to cool in a 
desiccator and weighed to constant weight.
2 .8 . 2  Halides
The halides were determined gravim etrically as the silver halides or 
volumetrically by Volhard’s method as described in Vogel. 7 0
48
2.8.3 Carbon, Hydrogen, and Nitrogen Analyses
Carbon, hydrogen and nitrogen analyses were carried out by the University of 
Surrey Microanalytical Laboratory.
Figure 2.19 Diffuse Reflectance Spectrum Cell
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CHAPTER THREE
Halogeno-complexes 
of Chromium(II)
3.1 Introduction
O'*
Halogeno-complexes of the first transition series containing [MX4 ] anions 
(M = Mn, Fe, Co, Ni, Cu ) 7 1 "7 3  have had extensive application in theoretical 
inorganic chemistry because the anions are of high symmetry and low 
molecular complexity and their salts can be readily synthesised and 
investigated. A wide variety of halogeno-anionic derivatives of chromium(II)
has also been reported . 1 , 2 9  These all have halide-bridged polymeric structures,
complexes containing discrete [CrX4] anions being unknown. Since the 
nature of the cations can affect the structures and properties of halogeno- 
complexes, much of the present research has involved the synthesis and study 
of new salts of chromium(II) complex halides.
Complexes of high-spin chromium(II) (t32g e 1 configuration) and copper(II)
(t62g e 3  configuration) are often structurally similar because both lead to 
Jahn-Teller distortion. Consequently, cations known to stabilise known 
[CuX4] complexes have been used in the preparation of new chromium(II) 
complexes. It is possible that chromium(II) complexes will show the same 
types of structure as the copper(II) complexes.
3.1.1 Halogeno-complexes of Chrom ium (II)
3.1.1.1 Normal Param agnetic Halogenochrom ates(II)
The dihydrates of the type A2 [CrX4 (H2 0 )2] (A = NH4, Rb, Cs, PhNH3, 
0.5pipzH2, PyH, X = Cl; 7 4 , 7 5  A = NH4, Rb, Cs, PyH, X = Br) 1 4  have been 
isolated from the solutions of the constituents in suitable solvents. The 
complexes are magnetically dilute and high-spin 1 4 , 7 4 , 7 5  with reflectance
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spectra as expected for tetragonally-d istorted  octahedral anions 
[CrX4(H20 )2 ]2' except for [PyH]2[CrBr4(H2 0 )2 ] which contains76 discrete 
trans-planar CrB^Cti^O^ units instead of the expected distorted octahedral 
anions [CrBr4(H20 )2 ]2'.
Babar et al14 have isolated the magnetic ally-normal diacetic acid adduct of 
guan id in ium  te trab rom ochrom ate(II) w hich co n ta in s77 discrete 
[CrBr4(CH3C 0 2H)2]2" anions (Figure 3.1). A similar structure has been 
found28 for the dimethylammonium salt of [CrBr^CHgCC^Hy2'. The Cr-Br 
bond lengths are slightly longer than in the guanidinium salt. The NH4, Rb and 
Cs salts are isomorphous14,74’75 with the corresponding Cu(II) complex 
halides which contain trans-anions [CuBr4(H20 )2 ]2' with two short and two 
long Cu-Br bonds.
Halepoto et a l29 have investigated com pounds of the type [o-
CH3C6H4m 3]2[CTCl4(C2n 5C 0 2}l)]y [o-CH3C6H4NH3]2[CrCl4(THF)], [o- 
CH3C6 H4NH3]2 [CrBr4(CH3C0 2H)], and [o-CH3 C6H4NH3]2 [CrClxBr4_x(B)] (x 
= 4, 3, 2; B = CH3C 0 2H; x = 1, B = 021^00211) isolated from solutions of 
constituents in glacial acetic acid, propionic acid or tetrahydrofuran. The 
complexes are magnetically-dilute and high-spin. The IR spectra show one
band in the region 1670-1690 cm-1, assignable to coordinated acetic acid or 
propionic acid, and reflectance spectra contain one broad absorption band in 
the region of 12000 cm '1 as found for highly distorted chromium(II)
complexes. This suggests that the anions contain square-pyramidal rather 
than trigonal-bipyramidal anions, which would be expected to have bands at 
lower frequency.
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Figure 3.1 Discrete [CrBr^CHjCC^H^]2' Anions
3.1.1.2 Ferromagnetic Halogenochromates(II)
Lark worthy and Yavari78 prepared the complexes [enH2][CrCl4] and 
[trienH2 ][CrCl4]Cl2, from concentrated hydrochloric acid with stoichiometric 
quantities of hydrated chromium(II) chloride and ammonium salt. Babar et a l75 
prepared [HgN(CH2)gNHg][CrCl4] from concentrated hydrochloric acid. This 
compound is ferromagnetic with a 6 value -67°. The structures of
[dienH3][CrCl4]Cl79 and [HgN(CH2)3NH3][CrCl4]80 consist of polymeric layers
[CrCl4]n (F ig u re  3 .2 ) sep ara ted  by the  o rgan ic  ca tio n s . 
Tetrabromochromate(II) salts of the type [A]2[CrBr4] (A = Cs, RNH3%
isolated14’29’81’ either by thermal dehydration of hydrates under vacuum, or
by the reaction of anhydrous chromium(II) bromide with ABr in acetic acid, 
have been found to be ferromagnetic.
Bellitto et al82 isolated [BzNH3]2[CrBr4] by addition of a stoichiometric 
amount of benzylammonium bromide to a solution of chromium(II) bromide in 
acetic acid obtained by passing gaseous HBr through acetic acid refluxing 
over chromium metal. The X-ray powder studies indicated that the bromide is
isomorphous with [BzNH3]2[CrCl4]83 in which the anions are thought to be
polymerised in infinite layers (Figure 3.2) but they were unable to obtain a 
single crystal structure. The Curie temperature is 52 K which is higher than 
for the corresponding tetrachlorochromate(II). The ferromagnetic salts were 
prepared75’78’83-85 from concentrated hydrochloric acid or various non-
aqueous solvents, e.g . glacial acetic acid or absolute ethanol, by reacting 
stoichiometric quantities of chromium(II) chloride and the appropriate 
substituted ammonium chloride, or by the addition of a stoichiometric amount 
of the substituted ammonium chloride to a solution of chromium(II) chloride 
obtained by passing gaseous hydrogen chloride through absolute ethanol or
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Figure 3.2 Layer Structure
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Figure 3.3 Isolated Trimeric [Cr3CI12]6' Anions
glacial acetic acid refluxing over chromium metal. The magnetic moments are 
considerably higher at room temperature (|*ieff = 5.7 B.M) than the spin-only
value (4.90 B.M) and increase rapidly to about 9.00 B.M at 90 K
At higher temperatures the reciprocal magnetic susceptibility follows the 
Curie-Weiss law with large positive intercepts on the absolute temperature 
axis and it is apparent from the measurements that the Curie temperatures Tc 
lie a little below liquid nitrogen temperature. The susceptibility data became 
field-dependent below Tc, values of which have been determined for several 
complexes from plots of reduced magnetisation against temperature. 83,85-86
The persistence of short range order above Tc reduced the accuracy and more 
accurate values have been obtained from neutron diffraction and optical 
spectroscopy which are zero field methods dependent on spontaneous 
magnetisation.
Halepoto et al29 isolated [PhNH3]2[CrCl4] and crystals of [BzNH3]2[CrBr4l
suitable for single crystal study, as well as mixed halides of the type 
[BzNH3]2[CrClxBr4_x] (where x = 3.3, 2.2, and 1). The compounds have been 
crystallised from solutions of the constituents in hot glacial acetic acid and 
they exhibit typical ferromagnetic behaviour. In [C6H5CH2NH3]2[CrBr4] each
square planar [CrBr4]2" unit is bridged by bromide ions to four like units to 
form layers31 (Figure 3.4). Several ferromagnetic tetrachlorochromates76’79"
80,87,88 have analogous layer structures (Figure 3.2). The chromium atoms are 
six-coordinate. Four Br atoms are disposed in a square-planar arrangement 
with mean Cr-Br distances of 2.55 À and the [CrBrq]2' units are held in a two
dimensional network by two long Cr-Br bonds (3.044 A) to neighbouring 
anions. The layers so formed are intercalated by the benzylammonium cations.
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Figure 3.4 Unit Cell Contents o f [C6H5CH2NH3]2[CrBr4]
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The long axes of the [CrBr6] groups alternate at right angles in the basal plane 
and this leads to the ferromagnetic interaction.
Larkworthy et al81 investigated tetrahalogenochromates(II) containing mixed 
halides of the type [RNH3]2[CrClxBr4_x] (R = Me, Et, Prn, Bun or n-C8H 17)
prepared by the reaction of anhydrous chromium(II) chloride/bromide and the 
appropriate alkylammonium halide in glacial acetic acid. These compounds 
showed typical ferromagnetic behaviour, which was closer to that of [CrCl4]2'
salts than the [CrBr4]2"salts. This appears to be due to chloride rather than 
bromide bridges.
The reflectance spectra of [A]2[CrX4], (X = Cl or Br); A = BzNH3 resemble 
those of know n14’74-75 tetragonally-distorted, six-coordinate chromium(II) 
compounds. There is one broad asymmetric absorption band at ca. 11500- 
13500 cm"1. This confims the polymeric nature of these complexes. The 
spectra of the ferromagnetic complexes also show two very sharp and intense 
spin-forbidden bands around 15800 and 18500 cm"1 and several weak bands 
elsewhere. Similar bands occur at almost identical frequencies in the spectra 
of the other ferromagnetic tetrahalogenochromates(II). !4,29,75,83 As expected
the diffuse reflectance spectra of the mixed halides resemble those of the 
tetrachloro- and tetrabromo-chromates(II) with a broad, asymmetric band near 
10900 cm -1 which is characteristic of tetragonally-distorted, six-coordinate
chromium(II), and the two narrow bands of unusual intensity near 15900 cm"1
and 18700 cm '1 w hich are characteristic  of ferrom agnetic  
tetrahalogenochromates(II).
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3.1.1.3 Antiferromagnetic Halogenochromates(II)
Babar et al prepared [ ^ t y t C r C y  from glacial acetic acid. The compound is 
antiferromagnetic which suggests that the lattice does not contain simple
[CrCl6]4" units, since this would lead to magnetically-dilute behaviour, but 
contains ionic chloride and chloride-bridged complex anions.The compound 
[Me2 NH2]2 [CrCl4 ], isolated by the addition of 2,2-dimethoxypropane to an 
ethanolic solution of the constituent halides, is antiferromagnetic74'75’78 and 
the structure (Figure 3.3) contains80 isolated trimeric units [CrgCl^]6’ in which 
the chromium atoms are arranged linearly. The central metal atom lies on a 
centre of symmetry and is bridged by three chlorine atoms to each terminal 
atom, two chlorine atoms are much closer (2.40 A), than the other four (2.62
Â). There is considerable distortion of the angles at the metal atoms from 90°.
Halepoto et al29 reported that halogeno-complexes of type [N H ^tC rC yB r^  
J :  nCH3C 0 2H (x = 3, n = 1; x = 0, n = 0.5),
[C6H5(CH2 )2NH2 (CH3 )]2 [CrC14 ] and [C6H5NH3 ]2[CrClxBr4.x] (where x = 2, 
0.5, 0) have room temperature magnetic moments in the range 3.58-4.74 B.M. 
which are below the spin-only value (4.90 B.M.). These values decrease 
markedly as the temperature is lowered. The Curie-Weiss law is obeyed by 
these complexes with large negative intercepts (9 positive) on the temperature 
axis. The low moments and their temperature dependence can be attributed to 
antiferrom agnetic interactions probably arising in halide-bridged
structures.14’74»75’78 Polymeric structures are also indicated by the reflectance
spectra which are typical of tetragonal six-coordinate chromium(II).
The reflectance spectra of [A]2[CrX4], (X = Cl or Br); A = NH4, M e2NH2 > 
C6H5(CH2)2 NH2 CH3,PhNH 3 , resemble those of known tetragonally distorted
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six-coordinate chromium(II) compounds. There is one broad asymmetric 
absorption band at ca. 11500-13500 cm~^ .This confirms the polymeric nature
of these complexes suggested by their magnetic behaviour. The Curie-Weiss 
law is obeyed by these complexes with large negative intercepts (6 = positive) 
on the temperature axis. The low moments and their temperature dependence 
can be attributed to antiferromagnetic interactions probably arising from 
halide bridged structures.14’74'75’78
3.1.1.4 Trihalogenochrom ates(II)
The alkali trihalogenochromates of the type ACrX3 (A = K, Rb, Cs, X = Cl or 
Br; A = Rb, Cs, X = I) were crystallised from a melt of the constituent 
anhydrous halides.89-92 Yellow complexes with non-metallic cations of the 
type ACrXg (A = NH4, Me4N, PyH, and Me2NH2 , X = Cl;93 A = M e4N, X = 
Br)94 have also been prepared by the reaction of organic salts and anhydrous 
chromium(II) halides in glacial acetic acid. Thermal dehydration in vacuum has 
also been used to produce [PyH ][C rC l3] and C s[C rC l3] from  
[PyH]2[CrCl4(H20)2] and CsCrCl3(H20)2.
Tandon95 prepared some mixed trihalogenochromates(II) [CrCl2Br],
[pyH] [CrCl2 3Br0 7] and [Pr1NH3][CrCl1 9Br1 J  by the reaction of anhydrous
chromium(II) halides and organic salts in glacial acetic acid. All are 
antiferromagnetic.
The structure29 of anilinium trichlorochromate(II), crystallised from hot glacial
acetic acid, consists of linear chains [CrCl3]n made up of face-sharing 
distorted octahedra (Figure 3.5). The chains are separated by the anilinium
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Figure 3.5 The One Dimensional Chains of [CrCl3]'
Found in the Structure of [C6H5NH3][CrCl3]
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cations. The same type of structure has been suggested for other complexes 
of the type ACrX^,89-90,96 ^  = Rb, Cs, Me^N; X = Cl or Br). The crystal
structures91’94’97,98 are derived from the hexagonal CsNiClg structure. Since
Cr^ is Jahn-Teller distorted, the local coordination geometry is approximately
D ^ .  Structural phase transitions resulting from a cooperative Jahn-Teller 
effect have been observed and investigated in RbCrClg, CsCrClg, CsCrBr3,
and Me4NCrCl3.91 The magnetic and caloric properties of ACrX3 compounds 
show typical features of one-dimensional antiferromagnets. Single94’97'99 
crystal X-ray diffraction studies show [PyH] [CrCl3] has the above structure.28
Bellitto et al have described100 the low temperature magnetic properties of the
quasi-one-dimensional antiferromagnet tétraméthylammonium chromium(II) 
trichloride. Crystals were grown by the diffusion technique. Magnetic 
susceptibility was measured by means of a low field SQUID magnetometer 
down to 1.7 K. The magnetic susceptibility measurements, both on 
polycrystalline and single crystal samples, suggest that (CH3)4NCrCl3 has 
rather similar magnetic behaviour to that of the manganese analogue.101"102
The compounds of type (CH3)4NMC13, where = Cu, Ni, and (CH3)4NNiBr3 are 
good examples of one-dimensional ferromagnets.103' 104 Recently, a review105 
of the synthesis, structures, m agnetic and optical properties of ; 
halogenochromate(II) salts with substituted ammonium cations has appeared, 
M onosubstituted cations yield tetrahalogenochrom ates(II) with layer 
structures which are ferromagnets with Curie temperatures up to 60 K and 
advantage can be taken of the chemical flexibility so characteristic of the 
molecular solid state by using organic (or even organometallic) cations as 
spacers between the infinite anionic chains or layers.
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3.1.1.5 Hexahalogeno-chromates(II) and -chromates(III)
lodo-complexes of the type A^CrI6, (where A = T/ or In) have been reported. 
The a-phase contains isolated [Crl6]4" units in which there is a random 
distribution of Jahn-Teller distorted octahedra, and below 77 K the (3 phase 
forms in which the directions of elongation are ordered. Refinement leading
to axially compressed octahedra in the [Crl6]4" units [Or—I, 3.046 A (4 x), 
2.738 A (2 x )]106 is said92 to be due to an inadequate model. A few examples 
of [CrF^4* salts are known, but salts of [CrCl6]4" and [CrBr6]4" are unknown.1
Hexahalogenochromates(III), except for salts of [CrF6]3" are also uncommon.1 
For example, the hexabromochromate(III) anion [CrBr6]3' has to date been
found only in Cs2LiCrBr6, a member of a series of bromo-elpasolites 
Cs2LiMBr6, where M is Tm, Yb, Lu, Sc, In, V and Or. To prepare Cs2LiCrBr6 
the residue obtained by taking a solution of CsBr,Li2C 0 3 and C r03 in 48%
hydrobromic acid carefully to dryness was heated at 250 °C in a stream of 
hydrogen bromide for two days.107 A second salt of [CrBr6]3* has been
isolated in the present work (see 3.3.34) by oxidation of a chromium(II) 
solution containing bromide.
3.1.2 Halogeno-complexes of Copper(II)
As indicated earlier, some structural analogies can be expected between 
complexes of copper(II) and high-spin chromium(II). Consequently, in cases 
where certain cations have stabilised as salts halogenocuprate(II) anions of 
types unknown or rare in chromium(II) chemistry, attempts have been made to 
isolate the corresponding chromium(II) compounds. A brief account of some 
relevant copper(II) complexes is given in this Section.
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Colombo et a l108 have reported the crystal structure and the spectroscopic, 
magnetic and electrical properties of the copper(II) dimer, [C gN^Hg] [C ^ C y  
(C3N6H8 = melaminium dication = melH2). The structure consists of
melaminum dications and [Cu2Cl6]2' dimers stacked to form infinite chains in a
manner not previously observed. The coordination of the copper atoms may 
be described as distorted square pyram idal. The compound exhibits 
predominantly antiferromagnetic exchange interactions.
Tucker et al109 have reported the tetragonally compressed octahedral
s truc tu re  of the [C uC l6]4" un its in the  com plex  sa lt [3- 
chloroanilinium]g[CuCl6]Cl4. The structure consists of d iscrete  3- 
chloroanilinium cations, [CuCl6]4- anions and uncoordinated chloride ions.
The cations have no unique structural features. Magnetic susceptibility data 
show evidence for weak antiferrom agnetic interaction between the 
hexachlorocuprate anions. Ellis considers110 that the [C u C y 4" ion in [3-
chloroanilinium]8[CuCyCl4 has an elongated rather than compressed 
tetragonal geometry.
Bonamartini-Corradi et a l111 have investigated the structure, magnetic 
properties and EPR spectra of the salts [l-methylpiperazinium]2[CuCl6] and 
[piperazinium]2[CuCl6]. MeOH. The structure of the former contains isolated 
cations, lattice CT ions and [CuCl4]2' anions which have a compressed 
tetrahedral geometry. The cations and anions are hydrogen-bonded into a 
three-dimensional network. The structure of the latter, [piperazinium]2[CuCl6]. 
MeOH, is much more interesting. It contains two independent dications, 
square pyramidal [CuCl5]3- anions, and Cl" anions. Magnetic susceptibility
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data shew evidence for a weak antiferromagnetic interaction in this 
compound.
Scott and Willett112 have studied the structural and magnetic properties of 
b is(e thano lam m on ium ) h ex ah a lo d icu p ra te (II). The com pounds 
[HCKŒ ^NHg]2 [Cu2X6], where X = Cl, Br, have been synthesised by 
dissolving stoichiometric amounts of ethanolamine and cupric chloride in 
moderately dilute aqueous hydrochloric acid and crystallization by slow 
evaporation at room temperature. The structures of the chloride and bromide 
salts have dimers which stack in chains. The coordination geometry around 
each copper(II) ion consists of four short Cu-X bonds, one longer semi­
coordinate Cu-X bond and a longer semi-coordinate C u-0 bond. This 
geometry can be characterized as being intermediate between a square- 
pyramidal and a 4+2 elongated octahedral geometry. Both compounds exhibit 
predominantly antiferromagnetic exchange interactions.
3.2 A im  of w ork
Various reports show that halogenochromate(II) salts exhibit various types of 
magnetic behaviour dependent upon the different crystal and molecular 
structures they adopt. The structures adopted depend in turn on the counter 
cations present. For example, it was found that chloro- and bromo-complexes 
of the type [RNH3]2[CrCl4] and [RNH3]2[CrBr4] in which R is alkyl or benzyl 
are ferromagnetic. However, other complexes such as [A]2[CrBr4] where A is 
NH4, Cs, Me2NH2 or PyH are antiferromagnetic, and others such as [o- 
CH3C6H4NH3l2[CrX4B] where X = Cl, Br; B = CH3COOH, C ^ C O O H  or 
THF have normal paramagnetic behaviour. It has been found that the nature 
of the bridging halide ion and the structure of the complexes affect the
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magnitude and sign of the magnetic interaction.
The aim of the research was to prepare more compounds with different 
organic cations from different solvents to extend the range of compounds 
showing the different types of magnetic behaviour. It was hoped that single 
crystal X-ray diffraction investigation of such complexes would relate any 
unusual magnetic behaviour to structure. It was also hoped that 
ferromagnetic complex halides with Curie temperatures above the temperature 
of liquid nitrogen could be obtained.
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3.3 Experimental
All compounds are air-sensitive so all preparations and measurements were 
carried out under nitrogen using the apparatus described in Chapter 2. The 
compounds were dried under vacuum by continuous pumping.
3.3.1. Octakis(3-chloroanilinium) hexachlorochromate(II) tetrachloride
Chromium(II) chloride tetrahydrate (2.2 g, 0.01 mole) was dissolved in a 
mixture of concentrated HC1 (70 cm3) and water (30 cm 3). To the resulting 
clear blue solution 3-chloroaniline (ca. 4 cm3, 0.03 mole) was added. The
white precipitate obtained dissolved on heating and the clear blue solution 
was allowed to cool slowly overnight. The white crystals which appeared 
were filtered off, washed with diethylether (50 cm3) and dried under vacuum 
at room temperature for five hours. The white compound turned green in two 
hours in air (Yield 70%).
Calculated for C H N Cl Cr
^-48^56^8^18^ 40.17 3.93 7.80 24.73 4.38%
Found 39.28 4.05 7.57 24.72 4.35%
3.3.2. Octakis(3-chloroanilinium) hexabromochromate(II) tetrabromide
Chromium(II) bromide hex ah y dr ate (3.22 g, 0.01 mole) was dissolved in 
absolute ethanol (50 cm 3). To the resulting clear blue solution 3- 
chloroanilinium bromide (8.39 g, 0.04 mole) was added. The blue solution 
was concentrated to half volume and the light blue solid obtained was 
dissolved by heating and the blue concentrated solution was allowed to cool
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slowly overnight in a hot waterbath. The blue compound was filtered off, 
washed with dry diethylether (50 cm 3) and dried under vacuum at room 
temperature for five hours. The blue compound turned off white on drying 
and green in few seconds in air. (Yield 75%).
Calculated for C H N Br Cr
C4sH%NgClgBr,oCr 30.67 3.00 5.96 42.56 2.76%
Found 31.77 3.30 6.28 42.04 1.88%
3.3.3. Octakis(3-chloroanilinium) hexabrom ochrom ate(II) tetrabrom ide
A compound with similar analyses to 3.3.2 above, but with a different colour 
and magnetic properties was isolated from acetic acid.
Chromium(II) bromide (2.1g, 0.0099 mole) was dissolved in glacial acetic acid 
(70 cm3). To the resulting green solution 3-chloroanilinium bromide (4.00 g,
0.0191 mole) was added. The reaction mixture was heated till all solid 
dissolved. The dark green solution obtained was allowed to cool overnight. 
Fine pale yellow needle-like crystals appeared which were filtered off, washed 
with glacial acetic acid (50 cm3) and dried under vacuum at room temperature
for ten hours. The pale yellow compound turned green in five minutes in air 
(Yield 80%).
Calculated for C H N Br C r
^48^56^8^8®r 10^r 30.67 3.00 5.96 42.56 2.76%
Found 31.90 3.42 6.10 42.70 3.10%
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3.3.4. Bis(3-chloroanilinium) tetrachlorochromate(II) mono-acetic acid
Chromium(II) chloride (0.90 g, 0.007 mole) was dissolved in hot glacial acetic 
acid (70 cm3) to give a green solution which was transferred to the 
recrystallisation apparatus (Figure 2.17) containing 3-chloroanilinium chloride 
(2.40 g, 0.014 mole) on the sinter. The chromium(II) chloride solution was 
heated carefully on an oilbath until a small amount of vapour condensed on 
the sinter and dissolved a small amount of 3-chloroanilinium chloride. The 
oilbath was removed briefly so that the solution cooled and the 3- 
chloroanilinium chloride solution on the sinter sucked back into the 
chromium(II) chloride solution. The procedure was repeated until no 3- 
chloroanilinium chloride remained on the sinter. The light green plates 
obtained from the green solution on cooling were filtered off, washed with
glacial acetic acid (50 cm3) and dried under vacuum at room temperature for
ten hours. The light green compound turned dark green in five minutes in air 
(Yield 70%).
Calculated for C H N Cl Cr
C 14H18N202Cl6Cr 32.88 3.54 5.47 27.77 10.17%
Found 31.33 3.20 5.10 27.71 10.89%
3.3.5. Bis(melaminium) hexachlorochromate(II)
Chromium(II) chloride tetrahydrate (1.35 g, 0.007 mole) was dissolved in
concentrated HC1 (70 cm3) in a refluxing flask (Figure 2.16 (a)). To this was
added melamine (1.0 g, 0.007 mole). The reaction mixture was refluxed with 
continous stirring until all the solid had dissolved. The pale yellow compound 
which appeared from the light green solution was filtered off, washed with
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dried diethylether (50 cm^) and dried under vacuum at room temperature for
five hours. The pale yellow compound turned green in two minutes in air 
(Yield 70%).
Calculated for C H N Cl Cr
C6 H 1 6 Nl2 Cl6Cr 13.83 3.09 32.26 40.88 9.97%
Found 12.39 3.19 31.51 39.91 10.43%
3.3.6. Melaminium hexabromodichromate(II)
Chromium(II) bromide hexahydrate (1.7 g, 0.0053 mole) was dissolved in
concentrated HBr (60 cm3). To this was added melamine (1.34 g, 0.0106
mole). The reaction mixture was refluxed till all the solid dissolved. The dark 
green solution was allowed to cool in an oilbath overnight. The light green 
compound which appeared was filtered off, and dried under vacuum at room 
temperature for ten hours. It turned dark green in five minutes in air (Yield 
60%). The compound analysed as a decahydrate.
Calculated for C H N C r
CgHgN^Br^Cr^. lOH^O 4.04 3.16 9.42 1 1 .6 %
Found 3.10 2.75 8.35 1 0 .0 0 %
B. The greenish blue filtrate was concentrated to half volume to get more 
product. A greenish blue compound was obtained which was filtered off, 
washed with diethylether and dried under vacuum at room temperature for 
five hours. It became dark green in five minutes in air (Yield 50%). However, 
this analysed as an octahydrate.
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Calculated for C H N B r C r
C3 H 8 N6 Br6 Cr2 . 8  H20  4.37 2.93 10.20 56.09 12.1
Found 4.12 2.74 11.65 56.16 11.9
3.3.7. Tris(l-m ethylpiperazinium ) hexachlorochrom ate(II) dichloride
Chromium(II) chloride tetrahydrate (2.08 g, 0.01 mole) was dissolved in 
methanol (50cm3). To this was added 1 -methylpiperazinium chloride (3.69 g, 
0.02 mole). A blue solid separated immediately from the sky blue solution 
which was heated with continuous stirring to dissolve the solid. The reaction 
mixture was then allowed to cool overnight in an oilbath. No compound 
appeared so the reaction mixture was concentrated to half volume when a 
light green compound separated which was filtered off, washed with methanol
(30 cm 3) and diethylether ( 2 0  cm 3), and dried under vacuum at room 
temperature for five hours. The compound turned dark green in two minutes 
in air (Yield 65%).
Calculated for C H N Cl C r
Ci5H42N6Cl8Cr 28.03 6.58 13.07 44.20 8.09%
Found 29.04 6.82 12.87 44.02 8 .2 1 %
3.3.8. Tris(l-m ethylpiperazinium ) hexabrom ochrom ate(II) dibrom ide
Chromium(II) bromide hexahydrate (3.00 g, 0.009 mole) was dissolved in 
methanol (50 cm3). To this was added 1-methylpiperazinium bromide (4.91 g, 
0.01 mole). A blue solid separated immediately from the blue solution which 
was heated with constant stirring to redissolve the solid. The reaction mixture
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was allowed to cool in an oilbath overnight. No compound appeared until the 
reaction mixture was concentrated to half volume when the light blue
compound which separated was filtered off, washed with methanol (30 cm 3) 
and diethylether ( 2 0  cm 3), and dried under vacuum at room temperature for
five hours. The light blue compound turned green in five minutes in air (Yield 
70%).
Calculated for C H N Br C r
^15^42^6® r8 ^ r 18.04 4.23 8.41 64.09 5.20%
Found 18.11 4.87 8.57 64.07 5.96%
3.3.9. Bis(4-bromoaniIinium) tetrachlorochrom ate(II) mono-acetic acid
4-Bromoanilinium chloride (2.50 g, 0.01 1 mole) was placed on the sinter of the 
crystallisation apparatus (Figure 2.17) and extracted as in 4, by boiling glacial 
acetic acid (150 cm 3) containing anhydrous chromium(II) chloride (0.74 g,
0.006 mole). After the 4-bromoanilinium chloride had been extracted the 
mixture was refluxed for thirty minutes and then allowed to cool. Very fine 
white crystals were obtained from a green solution. They were filtered off, 
washed with glacial acetic acid (50 cm3) and dried under vacuum at room
temperature for ten hours. The white compound turned green in one minute 
on exposure to air (Yield 70%).
Calculated for C H N Cl
Ci4Hi8N2 0 2 Br2- 28.00 3.02 4.67 23.66
Cl4Cr
Found 27.95 3.07 5.08 23.65
C r
8.66%
8.94%
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3.3.10. Bis(4-bromoanilinium) tetrabromochromate(II) monohydrate
Chromium(II) bromide (2.00 g, 0.009 mole) was dissolved in hot glacial acetic 
acid (125 cm3) in a refluxing flask. To this was added 4-bromoanilinium 
bromide (3.00 g, 0.011 mole). The reaction mixture was heated under reflux 
with constant stirring until all the solid had dissolved. The dark green solution 
was allowed to cool slowly in an oilbath overnight. The light green crystals
obtained were filtered off, washed with glacial acetic acid (30 cm3) and dried
under vacuum at room temperature for ten hours. They became dark green in 
a few seconds on exposure to air (Yield 70%).
Calculated for C H N Br Cr
^ 1 2 ^ 1 6 ^ 2 ^ r6^r 19.59 2.19 3.80 43.46 7.06%
Found 19.15 2.42 3.60 43.49 7.42%
3.3.11. Bis(2-methylanilinium) bis(acetic acid)tetrachlorochrom ate(II)
Chromium(II) chloride (1.27 g, 0.010 mole) was dissolved in glacial acetic acid 
(60 cm3) by heating to give a green solution. To this was added a solution of 
2-methylanilinium chloride (2.87 g, 0.020 mole) in hot glacial acetic acid (50 
cm3). The white solid which rapidly appeared was redissolved by heating. 
The reaction mixture was left to cool slowly in a hot oilbath overnight. The 
white compound which separated from the green solution was filtered off, 
washed with glacial acetic acid (40 cm3) and dried under vacuum at room 
temperature for ten hours. It turned green in five minutes in air (Yield 80%).
Calculated for C H N Cl Cr
^  18-^28^2^4 ^ C r 40.75 5.32 5.28 26.77 9.80%
Found 40.58 5014 5.92 26.67 9.71%
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3.3.12. Tetrakis(4-hydroxyanilinium) hexachlorochromate(II)
Chromium(II) chloride (1.45 g, 0.011 mole) was dissolved in glacial acetic acid 
(80 cm3) by heating to give a green solution. To this was added a solution of 
4-hydroxyanilinium chloride (3.43 g, 0.023 mole) in hot glacial acetic acid (30 
cm3). Immediately a white compound separated from a reddish brown
solution. It did not redissolve on further heating and stirring, so the 
suspension after cooling was filtered and the solid washed with glacial acetic 
acid (40 cm3) and dried under vacuum at room temperature for ten hours. The 
pinkish compound turned to green in five minutes in air (Yield 80%).
Calculated for C H N Cl C r
^24^32^4 40.85 4.57 7.94 30.19 7.37%
Found 38.89 4.46 7.26 30.02 7.37%
3.3.13. Tetrakis(4-hydroxyanilinium ) hexachlorochrom ate(II)
Chromium(II) chloride tetrahydrate (2.52 g, 0.0129 mole) was dissolved in 
absolute ethanol (50 cm 3). To this was added 4-hydroxyanilinium chloride 
(3.76 g, 0.025 mole) dissolved in absolute ethanol (40 cm 3). Immediately a
white solid appeared which was redissolved by heating to reflux with 
constant stirring. The solution was left to cool overnight. No compound 
appeared so the reaction mixture was concentrated to half volume and a light 
green compound which appeared from the green solution was filtered off, 
washed with absolute ethanol (30 cm 3) and dried under vacuum at room
temperature for six hours. Its colour turned to dark green in five minutes in air 
(Yield 70%).
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Calculated for C H N Cl Cr
^24^32^4^4^^6^r 40.85 4.57 7.94 30.18 7.37%
Found 40.46 4.77 7.71 30.02 7.50%
3.3.14. Tetrakis(4-hydroxyaniIinium) hexabrom ochrom ate(II)
Chromium(II) bromide (1.57 g, 0.007 mole) was dissolved in hot propionic 
acid (75 cm 3). To this was added a solution of 4-hydroxyanilinium bromide 
(2.81 g, 0.014 mole) in propionic acid (25 cm 3). The grey solid which
appeared was dissolved on reflux with constant stirring. The reaction mixture 
was left to cool slowly overnight in an oilbath. The light grey compound 
which separated was filtered off, washed with propionic acid (50 cm3) and
dried under vacuum at room temperature for twelve hours. The grey 
compound turned green in five minutes in air (Yield 75%).
Calculated for C H N Br Cr
C24H32N40 4Br6Cr 28.91 3.89 5.21 49.35 5.34%
Found 29.63 3.31 5.76 49.09 5.13%
3.3.15. Bis(2-acetoxyethylammonium) tetrachlorochrom ate(II)
Chromium(II) chloride (1.15 g, 0.0093 mole) was dissolved in hot glacial acetic 
acid (70 cm3). To this was added a solution of ethanolammonium chloride 
(1.82 g, 0.018 mole) in glacial acetic acid (20 cm3). The off-white solid which
rapidly appeared, re-dissolved on reflux with constant stirring. The reaction 
mixture was left to cool slowly in an oilbath. The white microcrystals which 
separated from the reddish brown solution were filtered off, washed with 
glacial acetic acid (30 cm 3) and dried under vacuum at room temperature for
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ten hours. The compound was highly air-sensitive, turning green in a few 
seconds in air (Yield 70%).
Calculated for C H N Cl Cr
23.90 5.01 6.97 35.27 12.93%
Found 22.59 5.06 6.87 32.73 11.79%
3.3.16. Bis(2-acetoxyethylammonium) tetrabrom ochrom ate(II)
Chromium(II) bromide (3.40 g, 0.016 mole) was dissolved in hot glacial acetic 
acid (120 cm3). To this was added a solution of ethanolammonium bromide 
(4.55 g, 0.032 mole) in glacial acetic acid (40 cm3). Some white solid appeared
which was re-dissolved by heating. The reaction mixture was left to cool in 
an oilbath overnight. No compound crystallised so the reaction mixture was 
concentrated to half volume. Greenish yellow crystals appeared which were 
filtered off, washed with glacial acetic acid (30 cm 3) and dried under vacuum
at room temperature for ten hours. The greenish yellow compound was highly 
air-sensitive, turning green in a few seconds in air (Yield 70%).
Calculated for C H N Br C r
Cg^W ^C^Bi^Cr 16.57 3.48 4.83 55.12 8.97%
Found 16.18 3.64 4.52 51.81 8.62%
3.3.17. Bis(3-acetoxypropylammonium) tetrachlorochrom ate(II)
Chromium(II) chloride (1.24 g, 0.01 mole) was dissolved in hot glacial acetic 
acid (50 cm 3). To this was added a solution of propanolammonium chloride 
(2.00 g, 0.02 mole) in glacial acetic acid (30 cm3). Immediately some white
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solid appeared in the flask and the contents were heated to reflux with 
constant stirring until all the solid had dissolved. The reaction mixture was 
allowed to cool slowly in an oilbath overnight. The white plate-like crystals 
which separated from the reddish brown solution were filtered off, washed 
with glacial acetic acid (40 cm3) and dried under vacuum at room temperature 
for ten hours. The crystals turned green in a few seconds in air (Yield 65%).
Calculated for C H N Cl C r
C 1 0 ^ 2 4 ^0 ^  Cl^ Cr 27.93 5.62 6.51 32.97 12.09%
Found 27.41 5.85 6.51 30.19 1 1 .6 6 %
3.3.18. Bis(3-acetoxypropylammonium) tetrabrom ochrom ate(II)
Chromium(II) bromide (1.70 g, 0.008 mole) was dissolved in hot glacial acetic
acid (50 cm 3). To this was added a solution of propanolammonium bromide
(0.0019 mole) in glacial acetic acid (30 cm3). Immediately the yellow
compound appeared in the flask, which was heated to reflux with constant 
stirring to dissolve the solid. The reaction mixture was allowed to cool slowly 
in an oilbath overnight and the yellow compound which appeared from a
green solution was filtered off, washed with glacial acetic acid (40 cm 3) and 
dried under vacuum at room temperature for ten hours. The yellow compound 
turned to green in two minutes in air (Yield 65%).
Calculated for C H N B r Cr
C 10^24^2 Q^Bî^Cr 19.76 3.98 4.61 52.58 8.55%
Found 19.85 4.79 6.94 50.39 7.64%
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3.3.19. Octakis(propanolamm onium) hexabrom ochrom ate(II)- 
tetrabrom ide
Chromium(II) bromide hexahydrate (2.90 g, 0.009 mole) was dissolved in 
absolute ethanol (70 cm 3). To this was added a solution of 
propanolammonium bromide (2.83 g, 0.018 mole) in absolute ethanol (30 cm3).
The white solid which appeared from the blue solution was heated with 
constant stirring to re-dissolve it. After cooling, the compound was filtered 
off, washed with absolute ethanol (50 cm3) and dried under vacuum at room
temperature for six hours. The white compound turned to green in five 
minutes in air (Yield 70%).
Calculated for C H N Br C r
^28^92^8^10^^ 10Cr21.65 5.97 7.21 51.51 3.34%
Found 23.80 5.81 8.57 51.59 3.81%
3.3.20. Tetrakis(ethanolammonium) hexabrom ochrom ate(II) m ono­
ethanol
Chromium(II) bromide hexahydrate (3.27 g, 0.01 mole) was dissolved in 
absolute ethanol (50 cm3). To this was added a solution of ethanolammonium 
bromide (2.90 g, 0.02 mole) in absolute ethanol (30 cm 3). The reaction
mixture was heated with constant stirring but no compound appeared after 
slow cooling in an oilbath overnight, so the reaction mixture was 
concentrated to half volume under vacuum. The light green compound which 
formed was filtered off, washed with absolute ethanol and diethylether ( 2 0  
cm3), and dried under vacuum at room temperature for five hours. The light 
green compound turned dark green in five minutes in air (Yield 70%).
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Calculated for C H N B r C r
(-'10H38N4^)5Br6^r 14.53 4.63 6.77 58.08 6.29%
Found 14.68 5.24 8.17 58.29 6.49%
3.3.21. Bis(l-methylpiperazinium) te tra -p-acetatodichlorodichrom ate(II) 
dichloride
1 -Methylpiperazinium chloride (4.90 g, 0.02 mole) was placed on the sinter of 
the Soxhlet apparatus (Figure 2.16) and extracted by boiling glacial acetic
acid (150 cm3) containing anhydrous chromium(II) chloride (1.74 g, 0.01 
mole). After the 1-methylpiperazinium chloride had been extracted, the 
mixture was refluxed for thirty minutes and allowed to cool. The reddish 
purple compound which formed from the light green solution was filtered off,
washed with glacial acetic acid (50 cm3) and dried under vacuum at room 
temperature for ten hours. It became green in five minutes in air (Yield 80%).
Calculated for C H N Cl C r
Ci8H4oN408Cl4Cr2 31.49 5.87 8.19 2 0 . 6 8 15.14%
Found 30.66 6.08 7.99 20.45 14.60%
3.3.22. Bis(l-methylpiperazinium) tetra-|x-acetatodibrom odichrom ate(II) 
dibromide
1-Methylpiperazinium bromide (6.50 g, 0.02 mole) was placed on the sinter of
the Soxhlet apparatus and extracted by boiling glacial acetic acid (150 cm 3)
containing anhydrous chromium(II) bromide (2.63 g, 0.01 mole). After all 
the 1 -methylpiperazinium bromide had been extracted, the mixture was
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refluxed for thirty minutes and allowed to cool. The red compound which 
appeared from the light green solution was filtered off, washed with glacial
acetic acid (50 cm 3) and dried under vacuum at room temperature for ten 
hours. The red compound became green in five minutes in air (Yield 80%).
Calculated for C H N Br Cr
C 1 8 H4 2 N4 0 8 Br4 Cr2 24.99 4.66 6.48 37.01 1 2 .0 2 %
Found 23.75 5.15 8.36 37.82 11.96%
3.3.23. Hemi(melaminium) tetra-p-acetatodichlorodichrom ate(II) di- 
acetic acid
Melaminium chloride (2.86 g, 0.01 mole) was placed on the sinter of the 
crystallisation apparatus (Figure 2.17) and extracted as in 3.3.4 by boiling
glacial acetic acid (100 cm3) containing anhydrous chromium(II) chloride (1.77
g, 0.01 mole). After the melaminium chloride salt had been extracted, the 
mixture was refluxed for thirty minutes and then allowed to cool. Red crystals 
and powder appeared from the reddish brown solution. The solid was filtered 
off, washed with glacial acetic acid (50 cm3) and dried under vacuum at room
temperature for ten hours. The red compound became green after one day in 
air (Yield 65%).
Calculated for C H N Cl C r
C 1 1 .5 H 2 0 N 3 O 1 0 -
C^Cr^ 27.63 4.03 8.40 7.10 20.80%
Found 28.50 4.68 8.54 7.03 20.54
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3.3.24 Preparation of crystals of bis(acetic acid)- 
tetrabrom odichrom ium (II)
Chromium(II) bromide (1.6 g) was dissolved in hot glacial acetic acid (60 cm 3) 
in a reflux flask with constant stirring. The bluish green solution obtained was 
refluxed again for about four hours. The reaction mixture was allowed to cool 
in an oilbath overnight. The light green crystals which formed from a blue
green solution were filtered off, washed with glacial acetic acid (40 cm3) and
dried under vacuum at room temperature for ten hours. The light green 
crystals became dark green in five minutes in air (Yield 70%).
Calculated for C H B r C r
C4 Hg0 4 Br4 Cr2 11.92 1.99 52.98 19.12%
Found 11.17 2 . 2 1 52.66 18.79%
3.3.25. 2-acetoxyethylammonium trichlorochrom ate(II) O.Sacetic acid
Chromium(II) chloride (1.14 g, 0.009 mole) was dissolved in hot glacial acetic 
acid (80 cm 3) in a refluxing flask. To this was added a solution of
ethanolammonium chloride (0.90 g, 0.009 mole) in glacial acetic acid (30 cm 3) 
and an off-white solid immediately appeared. The solid was dissolved on 
reflux and constant stirring. The reaction mixture was left to cool in an 
oilbath overnight. The brownish white compound, which separated from a
red-purple solution, was filtered off, washed with glacial acetic acid (50 cm 3)
and dried under vacuum at room temperature for ten hours. It became green in 
few seconds in air (Yield 60%).
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Calculated for C H N Cl C r
C5 H 1 2 N 0 3 Cl3Cr 20.53 4.14 4.79 36.36 17.78%
Found 19.45 4.83 5.98 33.76 16.73%
3.3.26. 2 -acetoxyethylammonium tribrom ochrom ate(II) acetic acid
Chromium(II) bromide (1.93 g, 0.009 mole) was dissolved in hot glacial acetic 
acid (50 cm3). On the addition of a solution of ethanolammonium bromide 
(1.29 g, 0.009 mole) in glacial acetic acid (30 cm3) a white solid appeared.
This solid dissolved on reflux with constant stirring and the reaction mixture 
was left to cool in an oilbath overnight. Since no compound formed the 
reaction mixture was concentrated to half volume when the greenish yellow 
compound separated from the light green solution. It was filtered off, washed 
with glacial acetic acid (30 cm3) and dried under vacuum at room temperature 
for ten hours. The greenish yellow compound was highly air-sensitive, 
turning dark green in few seconds in air (Yield 62%).
Calculated for C H N Br C r
C6 H 1 4 N 0 4 Br3Cr 15.81 3.10 3.07 52.59 11.41%
Found 16.16 3.19 2.74 50.36 11.05%
3.3.27. 3-acetoxypropylammonium trichlorochrom ate(II) dihydrate
Chromium(II) chloride (1.42 g, 0.011 mole) was dissolved in hot glacial acetic 
acid (50 cm 3). To this was added dropwise a mixture of acetyl chloride (18 
cm3, 0.37 mole) and methanol (15 cm 3, 0.25 mole) to which propanolamine (2 
cm3, 0.032 mole) had been added. The acetyl chloride and methanol were 
used to generate hydrogen chloride for reaction with the amine to form the
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amine hydrochloride in the reaction mixture. Immediately a white solid 
separated from the blue solution. On heating to reflux with constant stirring 
for two hours the solid re-dissolved. The solution was left to cool in an 
oilbath overnight. The mixture of white crystals and powder which appeared
was filtered off, washed with glacial acetic acid (30 cm3) and dried under 
vacuum at room temperature for ten hours. The white compound turned 
green in few seconds in air (Yield 60%).
Calculated for C H N Cl C r
C5 H 1 6 N0 4 Cl3Cr 19.22 5.16 4.48 34.03 16.64%
Found 18.23 4.52 3.84 36.01 17.67%
3.3.28. 3-acetoxypropylammonium tribrom ochrom ate(II) O.Sacetic acid
Chromium(II) bromide (1.27 g, 0.0059 mole) was dissolved in hot glacial acetic 
acid (50 cm 3). To this was added a solution of propanolammonium bromide 
(0.935 g, 0.0059 mole) in glacial acetic acid (30 cm 3) and the mixture was
heated under reflux for two hours with constant stirring to re-dissolve the 
solid which first appeared. After slow cooling in an oilbath overnight the 
yellow compound, which separated from a light green solution, was filtered 
off, washed with glacial acetic acid (40 cm3) and dried under vacuum at room 
temperature for ten hours. The yellow compound was found to be highly air- 
sensitive, and it turned green in a few seconds in air (Yield 60%).
Calculated for C H N B r C r
C6 H 1 4 N 0 3 Br3Cr 16.38 3.21 3.18 54.50 11.82%
Found 16.55 3.26 2 . 0 2 49.05 10.27%
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3.3.29. 4-BromoaniIinium trichlorochromate(II) diacetic acid
Chromium(II) chloride (0.400 g, 0.0032 mole) was dissolved in hot glacial 
acetic acid (50 cm3). To this was added a solution of 4-bromoanilinium 
chloride (0.678 g, 0.0032 mole) in glacial acetic acid (30 cm 3). The white solid
which appeared immediately in the refluxing flask was re-dissolved by heating 
and stirring for about one hour; then the mixture was left to cool in a hot 
oilbath overnight. A light green compound formed from the reddish brown 
solution; it was filtered off, washed with glacial acetic acid (30 cm3) and dried
under vacuum at room temperature for ten hours. It turned dark green in two 
minutes in air (Yield 65%).
Calculated for C H N Cl Cr
C 1 QH1 5 NO4 - 26.58 3.34 3.10 23.57 11.51%
BrClgCr
Found 26.95 2.97 3.57 23.86 11.73%
3.3.30. 2-M ethylanilinium trichlorochrom ate(II) diacetic acid
Chromium(II) chloride (1.23 g, 0.0099 mole) was dissolved in hot glacial acetic 
acid (50cm3). To this was added a solution of 2-methylanilinium chloride (1.43 
g, 0.0099 mole) in glacial acetic acid (30 cm3). The white solid which rapidly
separated was re-dissolved by heating and stirring. The mixture was 
allowed to cool in an oilbath overnight and the white compound which had 
formed from the green solution was filtered off, washed with glacial acetic acid 
(40 cm 3) and dried under vacuum at room temperature for ten hours. Its 
colour changed to green in five minutes in air (Yield 70%).
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Calculated for C H N Cl Cr
^ilHisNC^ClsCr 34.15 4.69 3.62 27.53 13.44%
Found 33.32 4.59 3.68 27.50 13.45%
3.3.31. Preparation of crystals of octakis(3-chloroaniIinium)- 
hexachlorochrom ate(II) tetrachloride
Chromium(II) chloride tetrahydrate (1.65 g, 0.0084 mole) was dissolved in a 
mixture of water (40 cm3) and concentrated hydrochloric acid (80 cm3). To 
this was added 3-chloroaniline (3.94 cm3) and the white precipitate obtained
immediately was dissolved by heating and stirring. The clear blue solution 
then obtained was allowed to cool slowly overnight. The white needle-like 
crystals obtained from the blue solution were re-dissolved under reflux and 
the solution was left to cool overnight and undisturbed for two days. White 
needle-like crystals bigger than in preparation 1  were formed; they were 
filtered off, washed with diethylether (50 cm3) and dried under vacuum at
room temperature for five hours. The white crystals turned green in five 
minutes in air (Yield 70%).
Calculated for C H N
Q A ^N gC ligC r 40.17 3.93 7.80%
Found 40.26 3.90 7.92%
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3.3.32. Preparation of crystals of bis(acetoxyethylammonium)- 
tetrabrom ochrom ate(II)
Chromium(II) bromide (1.91g, 0.009 mole) was dissolved in hot glacial acetic 
acid (150 cm3). To this was added a solution of ethanolammonium bromide 
(2.56 g, 0.018 mole) in glacial acetic acid and immediately a white solid 
formed. The mixture was heated to reflux but after slow cooling in a hot 
oilbath overnight, no crystalline compound had separated so the flask was left 
undisturbed in a fume cupboard. The few greenish yellow crystals which 
appeared in the flask after a few days were left to grow in a warm place for 
about two months. The crystals were filtered off from the light green solution, 
washed with glacial acetic acid (30 cm3) and dried under vacuum at room 
temperature for ten hours. The yellow crystals turned green in one minute in 
air (Yield 70%). One of the crystals was used for an X-ray structure 
determination.
Calculated for C H N
C g ^ o ^ C ^ B ^ C r 16.57 3.48 4.83%
Found 15.80 3.79 4.51%
3.3.33. Tetra-ji-terephthalatodichrom ium (II) tetrahydrate
A. Anhydrous chromium(II) acetate (1.65 g, 0.0048 mole) was dissolved in 
methanol (60 cm3). To this was added a solution of piperidinium terephthalate
(1.65 g, 0.0048 mole) in methanol (40 cm3). The mixture was heated to 
boiling with stirring. After slow cooling in an oilbath overnight, the yellowish 
orange compound was filtered off, washed with methanol (50 cm3) and dried 
under vacuum at room temperature for six hours (Yield 50%).
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Calculated for
^-16^ 16^ 1 2 ^ 2
Found
C H
38.11 3.12%
37.43 3.98%
B. Terephthalatochrom ium (II) dimethanol
Anhydrous chromium(II) acetate (0.50 g, 0.0014 mole) was dissolved in 
methanol (50 cm3). To this was added a solution of piperidinium terephthalate 
(0.50 g, 0.0014 mole) in methanol. The mixture was allowed to reflux for 
about two hours. After cooling the red precipitate which appeared was 
filtered off, washed with methanol and dried under vacuum at room 
temperature for six hours. The red compound turned black in five minutes in 
air (Yield 30%).
Calculated for C H
CioH^OfiCr 42.86 4.31%
Found 42.19 4.39%
3.3.34. Hexakis(4-bromoanilinium) hexabrom ochrom ate(III) 
tribrom ide di acetic acid
The title compound is only the second example of a hexabromochromate(III) 
salt and was obtained when a chromium(II) compound was expected. 
Anhydrous chromium(II) bromide (2.00 g, 0.009 mole) was dissolved in hot
glacial acetic acid (150 cm3). The light green solution was transferred to the
recrystallisation apparatus and heated as in preparation 3.3.4 to dissolve the 
4-bromoanilinium bromide (3.00 g, 0.011 mole) on the sinter. The resulting 
dark green solution was allowed to cool slowly and the dark green crystals
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which separated were filtered off, washed with glacial acetic acid (50 cm3) and 
dried under vacuum at room temperature for ten hours. The dark green 
crystals turned dull green on long exposure to the atmosphere but they have 
the characteristics of a chromium(III) complex and not the expected 
chromium(II) complex (see Section 3.3.10).
Caculated for C H N Br Cr
^ 4 ( f t 0 ^ 4 OôBr1 5 Cr 24.9 2 . 6 4.4 37.31 2.7%
Found 25.5 2.95 4.4 37.39 3.0%
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3.3.35. Other preparative studies
Attempts to prepare the compounds listed in Table 3.1 using various solvents 
and procedures were unsuccessful since the analyses for chromium, carbon, 
hydrogen and nitrogen which are given in the Table are unsatisfactory.
Table 3.1 Analyses for Chrom ium  and M icroanalyses(% ) for 
Unsuccessful Preparations
Compound and Colour Solvent C H N C r
[l-methyl-pipzH2 ][CrBr4] HBr 2.59 3.20 1.06 11.86
Brown crystals (12.66)(2.97)(5.90)(10.96)
[2 -CH3 C6 H4 NH3 ]2 [CrBr4]- CH3 CH2 C 0 2H 45.51 5.80 6.94 3.10 
CH3 CH2 C 0 2H (30.82) (3.95) (4.22) (7.85)
White crystals
[HOC6 H4 NH3 ]4 [CrCl6] CH3OH 48.97 5.58 9.35 11.79
White crystals (40.85)(4.57)(7.94) (7.37)
[CH3 ONH3 ]2 [CrCl4] CH3 C 0 2H 3.37 4.12 8.80 10.89
Purple (8.27)(4.16)(9.65) (17.92)
[C6 H5 NH2 (CH2 )2 OH]2 [CrCl4] CH3 CH2 C 02H 2.70 9.89 0.00 14.60
Green needles (40.85)(5.14)(5.95)(11.05)
[C6 H5 NH2 (CH2 )2 OH]2 [CrBr4] HBr 0.58 3.08 0.00 5.96
Blue (29.63)(3.74)(4.32)(8.02)
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3.4 R esu lts and D iscussion
3.4.1 P rep aration s
The new complexes [4-BrC6 H4 NH3 ]2 [CrCl4]) [CH 3 C(0)0(CH 2 )2 NH3 ]2 [CrX4] 
and [CH3 C(0)0(CH 2 )3 NH3 ]2 [CrX4] (where X = Cl or Br) and a series of new 
t r i h a l o g e n o - c o m p l e x e s  [ C H 3 C(0)0(CH 2 )2 NH3] [CrX3l
[CH3 C(0)0(CH 2 )3 NH3] [CrX3] (where X = Cl or Br), [4-BrC 6 H4 NH3 ][CrCl3] 
and [2-MeC6 H4 NH3 ][CrCl3] have been obtained using glacial acetic acid as 
solvent. Several of the complexes crystallised with acetic acid of solvation 
(see Section 3.3). Glacial acetic acid has been used previously in the 
preparation of halogeno-complexes of chromium(II) when complexes could 
not be isolated successfully from solvents such as alcohol or aqueous halogen
acid . 1 4 ’2 9  Attempts to prepare halogeno-complexes of chromium(II)
containing ethanolammonium cations from aqueous acid or ethanol as 
solvents as in the preparation of similar copper(II) complexes were 
unsuccessful, so glacial acetic acid was used. Crystalline complexes with 
analyses satisfactory for the form ulation [HOCH 2 CH2 NH3 ]2 [CrX4]. 
2CH 3 COOH, where X = Cl or Br, were obtained. The ferromagnetic behaviour 
of the complexes (see Section 3.1.1.2) suggested that the [CrX4]2" units were
polymerised and an intense i.r. band near 1740 cm "1 that acetic acid was 
present in the lattice. However, it was later found, from an X-ray investigation 
and NMR studies, that the ethanolammonium cation had been esterified by 
the solvent to give the acetoxy cations, and the 1740 cm ' 1 bands are due to 
the ester linkages.
The acetoxy-cation formulation gives better agreement with the analytical 
data. The propanolammonium cation gives analogous compounds, but the
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4-hydroxyanilinium cation does not presumably because its acetoxy ester 
does not form in acetic acid.
The complexes were generally prepared by the addition of a stoichiometric 
amount of the amine hydrochloride or hydrobromide to the chromium(II) 
halide, but it was difficult to crystallise propanolammonium chloride so in 
preparation 3.3.27 hydrogen chloride was generated from acetyl chloride and 
methanol in the reaction mixture. This led to the preparation of 3-acetoxy 
propylam monium  trichlorochrom ate(II) which unexpectedly showed 
ferromagnetic behaviour. The other trihalogenochromat^(II) were prepared 
from 1:1 molar ratios of the amine salt and the chromium(II) halide.
In general, microcrystalline products separated when the almost boiling 
solutions were allowed to cool undisturbed overnight. Unfortunately crystals 
of the trihalogenochromates(II) suitable for X-ray study were not obtained in 
spite of many attempts.
The variety of compounds investigated in previous work is illustrated in Table 
3.2. As indicated above, in the present work new series of tetrahalogeno- and 
trihalogeno-chromates(II), mainly containing acetoxy-cations, have been 
prepared.
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Table 3.2 Magnetic Behaviour and Structure of Some Known 
Halogenochromates(II)
Compound Magnetic behaviour Structure
[A]z [CrX,] 
A=NH4, Rb, Cs 
X = C1 
X = Br
Ferromagnetic
Antiferromagnetic
Polymeric layers
A = MeNHg, EtNH3  etc. Ferromagnetic 
X = CL Br
Polymeric layers
A = Me2 NH2  
X = Cl, Br 
A = PhNH3  
X = C1 
X = Br 
A = BzNH3
X = C1, Br 
A[CrX3]
A = PyH, PhNH3  
X = C1
A = Rb, Cs, Me4N 
X = Cl, Br
Antiferromagnetic
Ferromagnetic
Antiferromagnetic
Ferromagnetic
Antiferromagnetic
[Q ^C l^]6" units
Polymeric layers
Polymeric layers
Polymeric linear 
chains
Antiferromagnetic
91
3.4.2 Magnetic Properties
The variation with temperature of the atomic susceptibilities and effective 
magnetic moments of the complexes over the range 90-293K, and the Curie- 
Weiss constants, 0, are shown in Table 3.3 and typical examples are plotted in 
Figures 3.6-3.20. The complexes have been classified below according to 
their magnetic behaviour.
3.4.2 . 1  Normal Param agnetic Complexes
The magnetic moments of the complexes [3-Q C 6 H4 NH3 ]8 [CrCl6 ]Cl4  and [4 - 
HOC6 H4 NH3 ]4 [CrCl6] are close to the spin-only value (4.90 B.M.) and show 
little variation with temperature. Those of the complexes [1-Me- 
pipzH2 ]3 [CrCl6 ]Cl2  and [3-ClC 6 H4 NH3 ]2 [CrQ4]. CH 3 C 0 2H are somewhat 
higher (~ 5.4 B.M.) but again show little temperature variation. All the 
compounds are thought to be magnetically-normal, six-coordinate high-spin
chromium(II) complexes and not to have polymeric bridged structures , 1 4 ’2 9
except for [3-ClC6 H4 NH3 ]2 [CrCl4] . CH 3 C 0 2H which may contain five- 
coordinate chromium(II).
3.4.2.2 Antiferrom agnetic Complexes
The com pounds [C 3 H8 N6 ]2 [CrCl6], [3-C lC 6 H4 NH3 ]8 [CrBr6 ]Br4, [4-
BrC6 H4 NH3 ]2 [CrBr4] . H 2 0 ,  [ 1 -M e p ip z H 2 ]3 [CrBr6 ]Br2  and
[HO(CH2 )3 NH3 ]8 [CrBr6 ]Br4. 2C 2 H5OH have room temperature magnetic 
moments which are well below the spin-only value (4.90 B.M ). These values 
decrease markedly as the temperature is lowered and the Curie-Weiss law is 
obeyed with large negative intercepts ( 0  positive) on the temperature axis. 
The low moments and their temperature dependence can be attributed to the
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antiferrom agnetic interactions probably arising from halide-bridged 
structures . 1 4 ’7 4 ’7 5 ’7 9  These structures are also confirmed by the reflectance 
spectra which are typical of tetragonal six-coordinate chromium(II).
3.4.2 .3 Ferrom agnetic Complexes
The chrom ium (II) tetrahalogeno com plexes [4-BrC 6 H4 NH3 ]2 [CrCl4]. 
CH3 C 0 2H , [ 2 - C H3 C6 H4 NH3 ]2 [CrCl4] . C H 3 COOH,
[CH3 C(G)0(CH 2 )2 NH3 ]2 [CrCl4l , [ C H3 C(0)0(CH 2 )2 NH3 ]2 [CrBr4l
[CH3 C(0)0(CH 2 )3 NH3 ]2 [CrCl4] and [CH3 C(0)0(CH 2 )3 NH3 ]2 [CrBr4] exhibit 
typical ferromagnetic behaviour. The effective magnetic moments for these 
compounds are generally greater than the spin-only value of 4.90 B.M at 
room temperature and increase considerably as the temperature is lowered. All 
these compounds obey the Curie-Weiss law with positive intercepts on the 
temperature axis as found earlier for this class of compound. However, some 
curvature has been observed at low temperature in the plot of reciprocal 
atomic susceptibility versus temperature and 0  values have been obtained by 
least squares extrapolation of the upper linear portion.
The ferromagnetic behaviour must be attributed to the nature of the 
compounds and not to the accidental presence of ferromagnetic impurities. 
The atom susceptibility %A was found to be independent of magnetic field 
strength over the range investigated (90-293K) which also confirms the 
absence of ferromagnetic impurity. Ferromagnetic alignment of electron spin 
is said to produce6 6  susceptibilities up to 1 0 4  c.g.s. units in excess of those for
normal paramagnetic materials. This has been found with these complexes. 
The susceptibility data become field dependent for this class of 
complex2 9 ’8 2 ’8 3 ’ 1 1 3  below the Curie temperature which is outside the range of
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our equipment. However m easurem ents on one compound, bis(2- 
acetoxyethylammonium) tetrabromochromate(II), from room temperature to 4 
K have been carried out at the Royal Institution by Dr. Simon Carling.
Magnetic susceptibility was measured on a SQUID magnetometer. The 
microcrystalline sample was sealed in a gelatine capsule under nitrogen. The 
variation of reciprocal susceptibility with temperature is shown in Figure 3.5A. 
The curve compares well above 90 K with that in Figure 3.12. A rapid 
increase in %A on cooling below liquid nitrogen temperature as the Curie 
temperature is reached and passed is apparent from the rapid approach of % A "1 
to zero. The magnetization versus temperature behaviour is shown in Figure 
3.5B. The magnetization drops to zero at approximately 57 K, the Curie 
temperature. The ferromagnetic nature of the compound apparent from the 
high temperature behaviour is confirmed by these results.
The ferromagnetic behaviour of the complexes is reasonably well reproduced 
by substitution of the value of J and g given in Table 3.3 in the high
temperature series expension29’76’121 expression (equation 3 .1 ) which applies 
to a sheet ferromagnet.
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Table 3.3 Magnetic Susceptibility Data 
Halogeno Complexes of Chrom ium (II)
Compound T(K)
xlO6
1/%A
xlO"1
M-eff
(B.M)
[3-ClC6H4NH3]8- 293 9632 10.40 4.75
[CrCl6]Cl4 265 10812 9.25 4.78
230 12348 8.09 4.76
200 14425 6.93 4.80
165 17338 5.76 4.78
136 21554 4.64 4.84
105 28166 3.55 4.86
C
D II 4^ o 90 33131 3.02 4.88
Diamagnetic correction = -747 c.g.s. units per mole
[3-ClC6H4NH3]2- 293 13148 7.60 5.55
[CrCl4]. c h 3c o 2h 265 14583 6.85 5.55
230 16438 6.08 5.49
200 18538 5.39 5.44
165 21723 4.60 5.35
136 26448 3.78 5.36
105 35128 2.84 5.43
o'xf-II
C
D 90 42303 2.36 5.51
Diamagnetic correction = -233 c.g.s. units per mole
[l-Me-pipzH2]3- 293 11919 8.38 5.28
[CrCl6]Cl2 265 13545 7.38 5.39
230 15224 6.56 5.29
200 17676 5.65 5.31
165 20847 4.79 5.24
136 25591 3.90 5.27
105 33666 2.97 5.31
oOA
90 38703 2.58 5.27
Diamagnetic correction = -407 c.g.s. units per mole
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Table 3.3 Continued
Compound T(K)
xlO 6
1/%A
xlO - 1
M^eff
(B.M
[l-C H ^C ^N H g]^ 293 9411 10.62 4.69
[CrCl4]. CH3 C 0 2H 265 11061 9.04 4.84
230 12683 7.88 4.83
2 0 0 16252 6.15 5.09
165 20470 4.88 5.19
136 25202 3.96 5.23
105 34396 2.90 5.37
C
D II I ►—i o o 90 39993 2.50 5.36
Diamagnetic correction = -245 c.g.s. units per mole
[4-HOC6 H4 NH3]4- 293 9839 10.16 4.80
[CrClg] 265 11060 9.04 4.84
230 12663 7.89 4.82
2 0 0 14657 6.82 4.84
165 17547 5.77 4.77
136 21621 4.62 4.84
105 28184 3.54 4.86
C
D II O o 90 32544 3.07 4.83
Diamagnetic correction = -309 c.g.s. units per mole
[4-HOC6 H4 NH3 ] 4 293 8244 12.30 4.39
[CrCl6] from C^HgOH 165 9168 10.90 4.40
230 10444 9.57 4.38
2 0 0 12019 8.32 4.38
165 14381 6.95 4.35
136 17600 5.68 4.37
105 22719 4.40 4.36
C
D II O o 90 26014 3.84 4.32
Diamagnetic correction = -309 c.g.s. units per mole
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Table 3.3 Continued
Compound T(K ) XA 
xlO^
1/%A
xlO " 1
^eff
(B.M)
[4-HOC6 H4 NH3]4- 293 9514 10.51 4.72
[CrBr6] from CH 3 CH2 C 0 2H 265 10585 9.44 4.73
230 11964 8.35 4.69
2 0 0 13840 7.22 4.70
165 16269 6.14 4.63
136 19657 5.08 4.62
105 24604 4.06 4.54
6 = 14° 90 28085 3.56 4.49
Diamagnetic correction = -372 c.g.s units per mole
[HO(CH2 )2 NH3]4- 293 5800 17.24 3.68
[CrBr6], C2 H5OH 265 6490 15.40 3.70
230 7478 13.37 3.70
2 0 0 8842 11.30 3.76
165 10279 9.72 3.68
136 12723 7.85 3.72
105 16657 6 . 0 0 3.74
C
D II O o 90 19049 5.24 3.70
Diamagnetic correction = -377 c.g.s units per mole
[2-CH3 C6 H4 NH3]- 293 7599 13.15 4.21
[CrCl3]. 2CH3 C 0 2H 265 8541 11.70 4.25
230 9626 10.38 4.20
2 0 0 11146 8.97 4.22
165 13494 7.41 4.21
136 16723 5.97 4.26
105 20428 4.89 4.14
C
D II O o 90 25476 3.92 4.28
Diamagnetic correction = -155 c.g.s. units per mole
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Table 3.3 Continued
Compound T(K)
xlO 6
1/%A
xlO " 1
Meff
(B.M
r c 3HsN6]2- 293 8114 12.32 4.36
[CrClg] 265 8869 11.27 4.33
230 9730 10.27 4.23
2 0 0 10910 9.16 4.17
165 1 2 1 0 2 8.26 3.99
136 13613 7.34 3.84
0 = 1 2 0 ° 105 15170 6.59 3.57
90 15973 6.26 3.39
Diamagnetic correction = - 2 2 0  c.g.s. units per mole
[3- C lC ^ N H ^ g - 293 5816 17.19 3.69
[CrBr6 ]Br4 265 5892 16.97 3.53
230 6611 15.12 3.48
2 0 0 7580 13.19 3.48
165 8462 11.80 3.34
136 9846 10.15 3.27
105 11653 8.58 3.13
C
D II On O o 90 12448 8.03 2.99
Diamagnetic correction = -927 c.g.s. units per mole
[4-BrC6 H4 NH3]2- 293 8374 11.94 4.42
[CrBr4], H20 265 9273 10.78 4.43
230 10191 9.81 4.32
2 0 0 11559 8.65 4.29
165 12870 7.77 4.12
136 15417 6.48 4.09
105 17796 5.61 3.86
8  = 70° 90 18807 5.31 3.67
Diamagnetic correction = -321 c.g.s units per mole
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Table 3.3 Continued
Compound T(K) %A 1/%A l^eff
xlO6 xlO'1 (B.M)
[l-Me-pipzH 2 ]3 - 293 10144 9.85 4.87
[CrBr6 ]Br2 265 11251 8 . 8 8 4.88
230 12397 8.06 4.77
2 0 0 13998 7.14 4.73
165 16016 6.24 4.59
136 19258 5.19 4.57
105 24427 4.09 4.52
6  = 19° 90 28837 3.46 4.55
Diamagnetic correction = -419 c.g.s. units per mole
[HO(CH2 )3 NH3 ]g- 293 8152 12.26 4.37
[CrBr6 ]Br4. 2C2 H5OH 265 8763 11.41 4.30
230 9870 10.13 4.26
2 0 0 11320 8.83 4.25
165 13571 7.36 4.23
136 15937 6.27 4.16
105 20325 4.92 4.13
6  = 2 0 ° 90 22691 4.40 4.04
Diamagnetic correction = -788 c.g.s. units per mole
[4-BrC6 H4 NH3]- 293 9388 10.65 4.69
[CrCl3]. 2CH3 C 0 2H 265 10356 9.65 4.68
230 1 1 1 0 2 9.00 4.51
2 0 0 12090 8.27 4.39
165 13300 7.51 4.18
136 14630 6.83 3.98
or-IICD 105 16061 6 . 2 2 3.67
90 16626 6 . 0 1 3.45
Diamagneticcorrection = -196 c.g.s. units per mole
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Table 3.3 Continued
Compound T(K) %A 1/%a Heff
xlO6 x l O 1 (B.M)
[Cr2 Br4 (CH3 C 0 2 H)2] 293 8843 11.30 4.55
265 9947 10.05 4.59
230 11224 8.91 4.54
2 0 0 13022 7.68 4.56
165 15303 6.53 4.49
136 18627 5.37 4.50
105 23649 4.23 4.46
oOr-HIICD 90 27034 3.67 4.41
Diamagnetic correction = -213 c.g.s. units per mole
[l-Me-pipzH2]2- 293 8045 12.43 4.34
[Cr2 (CH3 COO)4 Cl2 ]Cl2 265 8861 11.28 4.33
230 9992 1 0 . 0 0 4.28
2 0 0 11405 8.76 4.27
165 13948 7.17 4.29
136 16931 5.90 4.29
105 22049 4.53 4.30
C
D II O o 90 25943 3.85 4.32
Diamagnetic correction = -164 c.g.s. units per mole
[l-Me-pipzH2]2- 293 8616 11.60 4.49
[Cr2 (CH3 COO)4 Br2 ]Br2 265 9753 10.25 4.54
230 11367 8.79 4.57
2 0 0 12922 7.73 4.54
165 16301 6.13 4.63
136 19141 5.22 4.56
105 26646 3.75 4.73
oo
o1IICD 90 31550 3.16' 4.76
Diamagnetic correction = -185 c.g.s. units per mole
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Table 3.3 Continued
Compound T(K) %A 1/%a  .^eff
xlO6 x l O 1 (B.M)
[CaHgNg] 293 7057 14.17 4.06
[Cr2 Br6], 8H20 265 7911 12.60 4.09
230 8925 1 1 . 2 0 4.05
2 0 0 10503 9.49 4.09
165 12580 7.94 4.07
136 15381 6.50 4.09
105 20131 4.96 4.10
OOII
C
D 90 23705 4.21 4.13
Diamagnetic correction = -167 c.g.s units per mole
[C3H8N6lo.5‘
[Cr2 (CH3 COO)4 Cl]. CH3 C 0 2H
293 143 6.99 0.57
265 198 5.05 0.64
230 oo 5.46 0..58
2 0 0 175 5.71 0.52
165 251 3.98 0.57
136 257 3.89 0.52
105 255 3.92 0.46
90 262 3.81 0.43
Diamagnetic correction = -69 c.g.s. units per mol
[Cr2 (CgH4 0 4 )2 (H2 0 )2 ] . 2 H2 0 293 1182 8.46 1 . 6 6
265 1246 8 . 0 2 1.62
230 1394 7.17 1.60
2 0 0 1568 6.37 1.58
165 1844 5.42 1.56
136 2130 4.69 1.52
105 2534 3.94 1.46
90 2749 3.63 1.40
Diamagnetic correction = -198 c.g.s. units per mole
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Table 3.3 Continued
Compound T(K ) XA 
xlO6
1/%A
xlO " 1
M^ eff
(B.M
[4- BrC 6 H4 NH3]2- 293 14605 6.84 5.85
[CrCl4]. CH3 C 02H 265 17163 5.82 6.03
230 19916 5.02 6.05
2 0 0 24375 4.10 6.24
165 31121 3.21 6.40
136 43488 2.30 6.87
C
D II o o 105 70705 1.41 7.70
g = 1.80, J/cm ' 1 = 8 . 6 8 90 96293 1.03 8.82
Diamagnetic correction = -260 c.g.s. units per mole
[CH3 C0(0)(CH 2 )2 NH3]2- 293 12794 7.81 5.47
[CrCl4] 265 15004 6 . 6 6 5.63
230 18078 5.53 5.76
2 0 0 22598 4.42 6 . 0 1
165 29850 3.35 6.27
136 43291 2.30 6 . 8 6
<x> II oo o o 105 75214 1.32 7.94
g = 1.8, J/cm - 1  = 8 . 6 8 90 106494 0.93 8.75
Diamagnetic correction = -198 c.g.s. units per mole
[CH3 C(0)0(CH 2 )2 NH3]2- 293 14510 6.89 5.83
[CrBr4] 265 17367 5.75 6.06
230 21654 4.61 6.31
2 0 0 28355 3.52 6.73
165 40771 2.45 7.33
136 66878 1.49 8.52
o0
0IICD 105 153966 0.65 11.37
g =  1.80, J/cm" 1 = 11.15 90 288476 0.35 14.31
Diamagnetic correction = -240 c.g.s. units per mole
Table 3.3 Continued
Compound T (K )
1 /%A ^eff
xlO 6 xlO " 1 (B.M)
[C H s C ^ O fC iy s N H ^ - 293 12165 8 . 2 2 5.33
[CrCl4] 265 14099 7.09 5.46
230 16928 5.90 5.58
2 0 0 21161 4.72 5.81
165 28070 3.56 6.08
136 40874 2.44 6 . 6 6
105 69205 1.44 7.62
e = -65° 90 97501 1 . 0 2 8.37
g = 1.8, J/cm ' 1 = 8 . 6 8
Diamagnetic correction= -253 c.g.s. units per mole
[CH3C(0)0(CH2)3NHg]2- 293 8060 12.40 4.34
[CrBr4] 265 9249 10.81 4.42
230 11103 9.00 4.51
2 0 0 14190 7.04 4.76
165 19338 5.17 5.05
6  = -60° 136 30733 3.25 5.78
g = 1.8, J/cm ' 1 = 8 . 6 105 72321 1.38 7.79
90 150712 0 . 6 6 10.41
Diamagnetic correction = -253 c.g.s units per mole
[CH3C (0 )0 (C H 2)2NH3]- 293 7912 12.63 4.30
[CrCl3]. 0.5CH3 CO2H 265 9270 10.78 4.43
230 11219 8.91 4.54
2 0 0 14041 7.12 4.73
165 18503 5.40 4.94
136 26325 3.79 5.35
8  = -580 105 44980 2 . 2 2 6.14
90 64629 1.54 6.82
Diamagnetic correction = -•131 c.g.s. units per mole
105
Table 3.3 Continued
Compound T(K)
xlO6
1/%A
xlO-1
4eff
(B.M
[CHgCfOM CH^NH]]- 293 14410 6.93 5.81
[CrBr3]. CH3 C 02H 265 17226 5.80 6.04
230 19770 5.05 6.03
200 26000 3.84 6.44
165 35474 2.81 6.84
136 54371 1.83 7.69
105 110292 0.90 9.62
90 196530 0.50 11.89
oIICD
Diamagnetic correction = -174 c.g.s units per mole
[CH3 C(0)0(CH 2 )3 NH3]- 293 11878 8.41 5.27
[CrCl3]. 2H20 265 13367 7.48 5.32
230 15536 6.43 5.34
200 18457 5.41 5.43
165 22506 4.44 5.44
136 30733 3.25 5.78
105 45685 2.18 6.19
8 = -38o 90 60564 1.65 6.60
Diamagnetic correction = -151 c.g.s. units per mole
[CH3 C(0)0(CH 2 )3 NH3]- 293 9103 10.98 4.61
[CrBr3]. 0.5CH3 CO2H 265 10255 9.75 4.66
230 11849 8.43 4.66
200 14043 7.12 4.73
165 17290 5.78 4.77
136 23135 4.32 5.01
105 38859 2.57 5.71
oooII
CD 90 63145 1.58 6.74
Diamagnetic correction = -174 c.g.s. units per mole
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Table 3.3 Continued
Compound T(K) %A 1/%A Heff
xlO6 xlO'1 (B.M)
[4-BrC6 H4 NH3]6- 
[CrBr6 ]Br3 .2CH 3 C 0 2H
e = - i i °
Diamagnetic correction = -785 c.g.s.
293 6366 15.70 3.86
265 7135 14.01 3.88
230 8251 1 2 . 1 2 3.89
2 0 0 9587 10.43 3.91
165 11765 8.50 3.94
136 14583 6.85 3.98
105 19268 5.19 4.02
90 22141 4.51 3.99
units per mole
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Figure 3.8
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Figure 3.9
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Figure 3.11
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Figure 3.17
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Figure 3.18
[l-Me-pipzH2]2[Cr2(CH3COO)4Cl2]Cl2
- 4
10 -
- 2
5 -
100 200 3000
^eff (B.M.)
Temp (K)
[l-Me-pipzH2]2[Cr2(CH3COO)4Br2]Br2
- 4
1 0 -
- 2
1000 200 300
H'eff (B .M .)
Temp (K)
120
Figure 3.19
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Figure 3.20
[4-BrC6 H4 NH3 ]6 [CrBr6 ]Br3. 2CH3 C02H
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NgP2 /XA = (kT/2) + J(-4 + 9x - 9.072x2 + 55.728x3 - 160.704x4 + 116.64x5) 
(equation 3.1)
with S = 2 and in which x = J/kT and the other symbols have their usual 
meanings. For ferromagnetic chromium(II) complexes g values near 2 and J
values from 7 to 9 cm " 1 have been fo u n d 14’29’75’78’1 for chlorides and
slightly higher values of J for bromides. The values of g for our compounds 
which gave the ‘best fit’ of the data are near 2.00, and J values lie in the range
8-11cm"1. The (xeff and J values are higher for bromides than for chlorides
indicating that the magnetic interaction increases slightly with the less 
electronegative and more polarisable bromide bridges rather than chloride 
bridges.
These complexes consist of [CrX4]2" units which form long bonded C r-X — Cr 
bridges with neighbouring units to give a layer structure and distorted 
octahedral configuration1 1 6 ’ 1 1 7  to the chromium(II) ions (Figure 3.2).
Since the high spin Cr11 ions in these halides are in elongated tetragonal
coordination the dz 2 orbitals are singly occupied and the dx2-y2 orbitals empty. 
The alternation of the elongation axes in the basal plane of the layer structure 
permits transfer of electron spin via the bridging halide from a d z 2  orbital on 
one CrD to an empty d x 2 _y 2  orbital on another, and this encourages parallel 
alignment of the spins on adjacent Cr11 ions. With 180* bridge angles the d x2_ 
y2  and dz 2  orbitals are orthogonal and the superexchange is ferromagnetic, but 
as the angle is lowered contributions from antiferromagnetic pathways can 
oppose the ferromagnetic behaviour. A similar explanation1 1 8  has been given 
for the ferromagnetism of K2 [CuF4] and the bis(monoalkylammonium)
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tetrachlorocuprates(II).
The magnetic behaviour of a transition metal complex can be influenced by 
the bridging halide as can be seen here from the antiferromagnetic behaviour 
of [4-BrC 6 H4 NH3 ]2 [CrBr4] and ferrom agnetic  behaviour o f [4- 
BrC6 H4 NH3 ]2 [CrCl4]. This is probably due to the effect of change of halide 
in determining the crystal structure.
Ginsberg1 1 9  has described many pathways which perm it parallel 
(ferromagnetic interaction) or antiparallel (antiferromagnetic interaction) 
coupling in the 180° high-spin d4  system for the situation where two planar 
[CrX4]2" units share a corner. He concluded that the net result is likely to be 
antiferromagnetic coupling. However, if the coupling occurs via the 
tetragonal axis, the longer metal-bromide distance could lead to a diminution 
of the antiferromagnetic interaction compared with the ferrom agnetic 
interaction. In the case of the [4-BrC6 H4 NH3 ]2 [CrBr4] compound with 
antiferromagnetic behaviour, it is possible that the presence of the 4-
bromoanilinium cation reduces the C r-B r-C r angles and/or the tetragonal 
distortion favours the antiferromagnetic interactions. The angle must be 
important since 1:1 compounds, for example CsCrCl3 9 0  and [C6 H5 NH3] [CrCl3l
have structures2 9  (Figure 3.5) in which C r-C l-C r bridge angles are much 
nearer to 90° than 180° and their antiferromagnetic behaviour agrees with the 
predictions . 1 1 9
In the present work some unexpected magnetic behaviour has been shown by 
the compounds of the type [A][CrX3]. CH 3 C 0 2H (w here A = 
CH3 C(0)0(CH 2 )2 NH3  and CH 3 C(0)0(CH 2 )3 NH3; X = Cl and Br). They
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ex h ib it fe rrom agnetic  behav iou r a lthough  up til l  now all 
trihalogenochrom ates(II) have been found to be antiferrom agnetic 
compounds and have the linear chain structure shown in Figure 3.5. Many 
attempts were made with different techniques to prepare crystals suitable for 
X-ray diffraction studies but these failed. It is possible that the ferromagnetic 
trihalogenochromates(II) have the stacked dimer structure found in some
trihalogenocuprates(II) 1 1 2  and this leads to ferromagnetic interaction.
Bis(4-bromoanilinium) tetrachlorochromate(II), tetrachloro- and tetrabromo- 
chrom ate(II) salts with cations 2-acetoxyethylam m onium  and 3- 
acetoxypropylammonium as well as 1 : 1  compounds of trichloro- and tribromo- 
chromate(II) with the same cations exhibit ferromagnetism, whereas bis (4- 
b rom oanilin ium ) te trab rom och rom ate(II) and 4-b rom oanilin ium  
tribromochromate(II) exhibit antiferromagnetism. This change in magnetic 
behaviour could be due to the larger ionic radius of bromide (r =1.96 Â) 
relative to chloride (r =1.81 A), and the different electronegativities of chloride 
and bromide could also be important if the same layer structure is present in 
antiferromagnetic ^-B rQ H ^N H ^lC rB r^] as in [4 -BrC6 H4 NH3 ]2 [CrCl4].
3.4.4 Dinuclear Chromium(II) Complexes
The chromium(II) compounds [C3 H8 N6 ] 0  5 [Cr2 (CH3 COO)4 Cl]. CH 3 C 0 2H and 
[Cr2 (CgH4 0 4 )2 (H2 0 )2]. 2H20  are believed to have dinuclear structures related 
to that of hydrated chromium(II) acetate [Cr2 (CH3 C 0 0 ) 4 (H2 0 )2] because like 
the acetate they have very low magnetic moments. The temperature 
dependence of the molar susceptibilities ( %A ) and magnetic moments (fteff) is 
shown in Table 3.3 and in Figure 3.19. Both compounds are weakly 
paramagnetic with low magnetic moments of 0.57 and 1.66 B.M respectively 
at room temperature which decrease slightly as the temperature is lowered.
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Similar behaviour has been reported for several dinuclear chromium(II) 
compounds . 2 9
Owing to the difficulty in preventing oxidation it has been uncertain whether 
the weak paramagnetism is inherent or arises from traces of chromium(III) 
impurities. The molar susceptibility values ( %A ) for these compounds increase 
significantly on lowering the temperature. An increase in %A is similarly found 
w ith  [ C^CCHgCX^ (Hy^ ] 6 6  and som e o ther d ich rom ium (II)
complexes1 2 0 ’ 1 2 1  and is due to the presence of small amounts of chromium(III) 
im purities. The results can be explained by assuming that strong 
antiferromagnetic interaction leads to weak paramagnetism, but the presence 
of traces of chromium(III) impurities masks the true behaviour of the 
complexes.
3.4.5 Investigation of a Chromium(III) Complex
The magnetic behaviour of the compound [4-BrC 6 H4 NH3 ]6 [OrBr6 ]Br3. 
2CH 3 C 0 2H is characteristic of chromium(III). The temperature dependence of 
the molar susceptibility ( %A ) and magnetic moment (p,eff) is shown in Table 
3.3 and plotted in Figure 3.20. The compound is a magnetically-dilute 
chromium(III) complex having an effective magnetic moment at room 
temperature near the spin-only value for three unpaired electrons (3.87 B.M.) 
which slightly increases on lowering the temperature. Its reflectance 
spectrum also is typical of an octahedral chromium(III) complex and the
presence of lattice acetic acid is shown by bands at 1710 cm ' 1 in the IR 
spectrum. A crystal structure determination has been carried out (see Section 
3.4.5.1).
126
3.4.3 R eflectan ce Spectra
The reflectance spectra of chromium(II) complexes were discussed in Chapter 
1. In a tetragonal field, three d-d  bands are expected5 5  corresponding to the
transitions: 5 B lg >5Aig C°i)’ 5Big----------------------->5 B2g (d2), and
5 B lg--------------------->5 Eg (d3). The reflectance spectra of all the
halogenochromates(II) and the one example of a halogenochromate(III) were 
recorded as described in Chapter 2. The bands observed are listed in Table 
3.4, and examples of typical spectra are illustrated in Figures 3.21-3.29. The 
com plexes [3-ClC 6 H4 NH3 ]8 [CrCl6 ]Cl4, [4-H O C 6 H4 NH3 ]4 [CrCl6], [1-
MepipzH 2 ]3 [CrCl6 ]Cl2, [3-C lC 6 H4 NH3 ]2 [CrCl4] . C H 3 C 0 2H and [4- 
HOC6 H4 NH3 ]4 [CrX6]. C2FyOH (where X = Cl or Br) seem to contain 
unbridged six-coordinate chromium(II) units, since they are magnetically 
normal. The reflectance spectra contain one broad absorption band in the
region of 11000-12000 cm " 1 as found for highly distorted complexes. This 
confirms the six-coordinate octahedral structure for these compounds.
The reflectance spectra of the halogenochromates(II) [C3 H8 N6 ]2 [CrCl6], [3- 
ClC6 H4 NH3 ]8 [CrBr6 ]Br4, [4 -B rC 6 H4 NH3 ]2 [CrBr4] . H2 0 , [ 1 -
MepipzH2 ]3 [CrBr6 ]Br2, [HO(CH2 )3 NH3 ]8 [CrBr6 ]Br4. 2C2 H3 OH, and the dimer 
[Cr2 Br4 (CH3 COOH)2] resemble those found for known 14,29 ,75-77 tetragonally 
distorted six-coordinate chromium(II) compounds. There is one broad 
asymmetric absorption band at 11500-13300 cm '1. This confirms the 
polymeric nature of these complexes suggested by their magnetic behaviour. 
The broad asymmetric band is assigned to the overlapping spin-allowed
transitions 5 B lg---------- >5 A^g, 5 B2g, and 5 Eg. The wave number of this band
would be expected to decrease with bromide substitution 7 4  because of
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weaker ligand field strength of bromide. There is however, little variation 
which may mean considerable distortion of the octahedra.
The spectra of all the ferromagnetic complexes [4-BrC 6 H4 NH3 ]2 [CrCl4]. 
CH3 C 0 2H , [ C H 3 C(0)0(CH 2 )2 NH3 ]2 [CrX4] , a n d
[CH3 C(0)0(CH 2 )3 NH3 ]2 [CrX4] (where X = Cl or Br) and trihalogeno- 
com plexes of the type [CH 3 C(0)0(CH 2 )2 NH3] [C rX 3]. nB,
[CH3 C(0)0(CH 2 )3 NH][CrX3]. nB (where X = Cl or Br: n = 0.5, 1, 2; B = 
CH3 C 0 2H or H2 0) show in addition to the broad asymmetric band at 11600
cm1 two very sharp and intense spin-forbidden bands around 15800 and 
18500 cm ' 1 together with several weaker bands. Similar bands occurring 
almost at identical frequencies in the spectra of other ferromagnetic 
tetrahalogenochromates(II) 1 4 ’2 9 ’7 4 ' 7 5 ’7 7  have been assigned to quintet-to-
triplet transitions to the levels 3Eg (3 H) and 3 Alg (3 G) intensified through the 
magnetic c o u p l i n g . 8 2 >8 7 ’ m  The relative intensities of the spin-forbidden
b a n d s  can  be p u t in  th e  o rd e r  f e r ro m a g n e t ic s ^  
antiferromagnetics>paramagnetics. Transitions to these levels should be 
in d ep en d en t of ligand  fie ld  streng th  and the sp ec tra  of 
tetrabromochromates(II) show that this is true. The slightly lower frequency 
of the transitions in the spectra of bromides can be ascribed to the greater 
nephelauxetic effect of bromide . 1 4 , 2 9  W here investigations have been
reported 1 4 , 2 9 , 7 5 , 8 2 - 8 3  our results are in reasonable agreement.
The reflectance spectra for the complexes [C 3 H8 N6 ] 0  5 [Cr2 (CH3 COO)4 Cl]. 
CH3 CO2 H and [Cr2 (CgH4 0 4 )(H2 0 ) 2 ]H20  are given in Table 3.4 and examples 
of spectra are reproduced in Figure 3.25. The reflectance spectra are 
complicated due to the presence of the quadruple metal-metal bond and
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assignment of the various bands is difficult. The electronic spectrum of 
chromium(II) acetate has been discussed qualitatively . 1 2 3 ' 1 2 4  It showed two 
bands at approximately 21000 cm ' 1 (band I) and 30000 cm ' 1 (band II). Band 
I has been assigned to the Ô— >%* transition of the binuclear system 
intensified by vibronic coupling and band II to charge transfer from a 
nonbonding Tt-orbital of the carboxylate ligand to the tt* metal orbital. It has 
also been observed that the frequencies of these bands in a limited series of 
quadruply bonded dichromium(II) complexes decrease linearly with increasing
Cr Cr separation . 1 2 1  The reflectance spectra of the complex reported in
this chapter (Table 3.4) contain one band in the region 19200-21500cm '1 
which is very similar to band I of the other dinuclear chromium(II) complexes 
and can be similarly assigned . 1 2 0 ' 1 2 1 ’ 1 2 5  However, this band is similar in 
position as compared to [C ^C H gC O O ^O ^O y and higher as compared to 
the ammine and isothiocyanato adducts of chromium(II) acetate . 1 2 0 ' 1 2 1  This
may be due to similar Cr-Cr separation as compared to chromium(II) acetate
(-2.36Â) and shorter C r-C r separation than in the isothiocyanate adducts 
(2.467Â). The attachment of a negatively charged halide ligand would be 
expected to lengthen the C r-C r bond through donation of electron density 
into the d z 2  XT* antibonding orbital.
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Table 3.4: Bands in the Diffuse Reflectance Spectra of
Halogenochromates(II)
Compound Band positions in cm '1 (nm)
[3-ClC6 H4 NH3 ]8 [CrCl6 ]Cl4
White
[3-ClC6 H4 NH3 ]2 [CrCl4]-
c h 3 c o 2h
Light green
[ 1 -MepipzH2 ] 3  [CrCl6 ]Cl2  
Light green
[2-CH3 C6 H4 NH3 ]2 [CrCl4]-
c h 3 c o 2h
Pinkish white 
[C3 H8 N6 ] 0  5 [CrBr3]. 4H20  
Light blue 
[CgHgN^CCiCy 
Yellow
[3-ClC6 H4 NH3 ]8 [CrBr6 ]Br4
White
[4-BrC6 H4 NH3 ]2 [CrBr4]. H20  
Light green
[ 1 -MepipzH2 ] 3  [CrBr6 ]Br2  
Light blue
[Cr2 Br4 (CH3 COOH)2]
[l-MepipzH2]-
[Cr(CH3 COO)2 Cl]Cl
Purple
11700(855)br
12500(800)br 16000(625)w 18700(535)w
11630(860)br 15900(630)w 23800(420)w
12500(800)br 16000(625)w 19600(510)w
12980(770)mbr -
11600(865)br 16100(620)m 19230(520)w
12900(775)br 15750(635)w 19230(520)w
12900(775)br 16100(620)w 19000(525)s
11600(865)br 15870(630)w
11600(865)wl3333(750)br 18300(540)w
11627(860)w - 19607(510)br
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Table 3.4 Continued
Compound Band positions in cm '1 (nm)
[l-MepipzH2]-
[Cr(CH3 COO)2 Br]Br
Red
[C3HgN6][Cr2(CH3COO)4Q].
c h 3 c o 2h
Brown
[4-BrC6 H4 NH]2 [CrCl4]-
c h 3 c o 2h
White
[CH3C(0)0(CH2)2NH3]2-
[CrCl4]
White
[CH3 C(0)0(CH 2 )2 NH3]2-
[CrBr4]
Greenish yellow
[CH3 C(0)0(CH 2 )3 NH3]2-
[CrCl4]
White
[CH3 C(0)0(CH 2 )3 NH3]2 -
[CrBr4]
Yellow
[CH3 C(0)0(CH 2 )2 NH3]- 
[CrCl3]. 0.5CH3 CO2H 
White
11627(860)w 20280(490)br
21505(465)br
11600(860)br 15950(627)s 18700(535)s
11600(860)br 15949(627)s 18700(535)s
10400(950)br 15830(632)s 18520(540)s
11700(850)br 16000(625)s 18720(534)s
15700(637)s 18420(543)s
11690(856)br 16000(625)s 18760(533)s
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Table 3.4 Continued
[CHgC^OCCHz^NHg]- - 16025(624)s 18760(533)s
[CrCl3]. 2H20  
White
[CH3 C(0 )0 (CH2 )3 NHg]- - 15870(630)s 18490(541)s
[CrBr3]. 0.5CH3 CO2H
Yellow
The reflectance spectrum  of the chrom ium (III) com pound [4-
BrC6 H4 NH3 ]6 [CrBr6 ]Br3. 2CH 3 C 0 2H has absorption bands at 12500s ( \ ) l 5
lODq), 17200m (u2) and 26500s,br (d3) cm ' 1 which are assigned 5 5  to the
4^2g >4^2g (^l)» 4^2g >4T^o(F) (d2), 4A 2g-------------- >4 Tlg(P)
(d3) transitions in Oh symmetry. The value of the interelectronic repulsion 
parameter B1 for [CrBr6]3' (466 cm '1) has been calculated from the secular 
determinant using the values of \ ) 1 and u2. From this u 3  is predicted at 27200 
cm' 1 in reasonable agreement with the experimental value. Krishnamurthy et 
al. 1 4 4  estimate lODq to be 11930 cm " 1 for [CrBr6]3". The value of B 1 is much
lower than the value for the free ion (B = 1030cm1) indicating considerable 
covalent character in the Cr-Br bonds. lODq for the chloro-elpasolite 
Cs2 NaCrCl6  has been reported1 4 5  as 12800 cm"1.
132
Figure 3.21
[3-aqH,NH,j,;craja
2 Q 0.5
350 600 900
nm
1.0
UJ
U
Z
<
So'Sî
ûO
<
[S-CIQH^NH^gtCrBr^Bn
350 600 900
nm
133
A
B
SO
R
B
A
N
C
E
Figure 3.22
1.0
ug
u
Z<
O 0.5
CQ
<
350 900600
1.0 nm
IC3 H8 N6 HCr2Br6]. 8H20
0.5
350 900600
nm
134
A
B
SO
R
B
A
N
C
E
F igure 3.23
[ l-MepipzH2]3[CrBr6|Br2
900
600350
nm
1.0
0.5
900600350
nm
135
A
BS
O
R
BA
N
C
K
 
A
B
SO
R
B
A
N
C
E
Figure 3.24
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Figure 3.28
1.0
f 1 -MepipzH2|2[Cr2(CH3COO)4a 2 |C1
g
<0.5
§W
CQ
<
350 600 900
nm
11 -MepipzH2]2[Cr2(CH3COO)4Br2]Br;O.f
900350 600
nm
140
A
B
SO
R
B
A
N
C
E
Figure 3.29
1.0
l4-BrC6H4NH3j6[CrBr6JBr3. 2CH3COOH
0.5
0
350 900600
nm
141
3.4.4 Infrared and Far Infrared Spectra
With the increasing use of infrared spectroscopy particularly in the region 
below 600 cm-1, the characterisation of low frequency stretching and bending 
modes has become important. Many vibrations occur in this region, including 
metal-halogen, metal-nitrogen, metal-oxygen stretching and deformation 
modes. Studies have shown that the metal-halogen vibrations give rise to
intense absorption and are readily identifiable.126 It has also been shown that
the vibrational frequencies are related to the oxidation state and coordination 
number of the metal, and to the stereochemistry of the complex. There have 
been numerous investigations of far i.r. spectra of complexes of the type 
MLnX2 (M = first-row transition metal, L = pyridine, X = halide; n = 2 or 4).
The far i.r. spectra of tetrahalogenocuprate(II) complexes have also been 
assigned in detail and the bands in the region 267-368 cm '1 assigned116’127-128
to d(Cu—Cl) and between 168-278 cm"1 to d(Cu—Br) vibrations. Very few
m etal-halogen  stre tch ing  v ib rations have been rep o rted  for
tetrahalogenochromate(II) complexes.14’29’74-75’77 It is found that the position
of metal-halogen vibrations depends on the size and mass of the halogen 
atom. Hence the metal-iodide, metal-bromide and metal-chloride vibrations 
occur at increasingly higher frequencies. Infrared and far infrared spectra of 
all compounds prepared in the present work were recorded as described in 
Chapter 2. The important band positions are given in Table 3.5 and some 
typical spectra in Figures 3.30-3.32.
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Detailed spectra in the region 4000-600 cm '1 have not been given because 
they generally show bands due to the organic cations only. However, 
absorption bands at 1650-1690 cm '1 assigned to carbonyl stretching
frequencies in the spectra  of [2-C H 3C6H4NH3]2[CrCl4CH3C 0 2H], 
[C3H8N6][CrCl(CH3C 0 0 )4(CH3C 0 2H)] and [Cr2Br4(CH3COOH)2] show that 
the compounds contain acetic acid. This suggests that the acid behaves as 
unidentate ligand, coordinating through the carbonyl oxygen of the 
unionised carboxyl group to the metal, since the acid absorbs in the range 
1720-1760 cm '1. A significant lowering of the carbonyl stretching frequency
on coordination to the metal has been reported129-131 for several acetic acid 
compounds of first row transition metals. The above results confirm that the 
acid is complexed to the chromium, and is not present in the lattice as solvent.
The carbonyl stretching absorption d(C=0 )  of saturated aliphatic esters147 is 
in the range 1750-1735cm '1. The compounds [CH3C(0)0(CH2)2NH3]2[CrX4l
[CH3C(0)0(CH2)3NH3]2[CrX4] , [C H 3C(0)0(CH2)2NH3][CrX3] an d
[CH3C(0)0(CH2)3NH3][CrX3] ( where X = Cl or Br) all show bands in the
range 1737-1740 cm '1 which is in good agreement.
The important i.r. spectral bands of the halide adducts of tetrakis(acetato) 
dichromium(II) are assigned as shown in Table 3.5 and some far i.r. spectra are 
reproduced in Figures 3.30-3.32. The effect of metal ion on the O-C-O
stretching29 frequencies may be different for each structure. In carboxylato 
complexes, the symmetrical O-C-O stretching frequency (iq) and asymmetrical
O -C-0 stretching frequency (u2) are important, since their position and 
separation (Au = u 2- u 1) can help in determining the type of bonding to the
metal.132' 134 In the acetato ion, the two C O bonds are equivalent and u2
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and tq  frequencies appear at ca. 1570 and 1435 cm*1 respectively. In 
bidentate coordination the bonding of the carboxyl oxygen to the same metal 
ion causes the O-C-O angles to decrease in comparison with that in the
acetate ion, consequently, x>2 decreases.134"135 On the other hand, bridging
coordination is supposed to increase the O-C-O angle resulting in a 
subsequent increase in the u2. Parashar and Rai have studied the i.r. of 
chromium(II) carboxylato complexes and found that the difference (u2 - iq) is 
of the order of 180-170 cm '1 and in agreement with the proposed bridging 
structure.
In the IR spectra of the dinuclear complexes, the i)2 bands are at 1580 - 1590 
cm'1, higher than for free acetate ion29 indicating bridging coordination of 
acetate ion to the chromium(II). This is also observed for other acetato bridged 
complexes125’132’136 and is fully consistent with the structures determined by
X-ray analysis. However, the lower frequency ( tq  ) band could not be 
assigned since nujol also gives a peak in the same region.
The i.r. spectrum of the chromium(III) compound [4-BrC6H4NH3]6[CrBr6]Br3. 
2CH3C 0 2H has a strong absorption band at 1710 cm"1 (Table 3.5 and Figure
3.20) which is too high for an acetate group, and can be assigned to u(C=0) 
of lattice carboxylic acid. The i.r. spectrum contains a strong, broad
absorption band at 265 cm '1 which is assigned to the u(Cr-Br) vibration. This 
is consistent with the assignment146 of u(Cr—Cl) vibrations in [CrCl6]3" to a 
band at 315 cm '1.
The strong bands observed between 300-370  cm '1 in the spectra of the 
c h l o r o c h r o m a t e s ( I I )  c a n  b e  a s s i g n e d  t o
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D(Cr-Cl) stretching vibrations. These bands are in the range assigned for
frequencies in the region 250—290 cm '1 as would be expected from the
greater mass of bromine.
Table 3.5 Main Infrared Spectral Bands (cm‘ 1) of
Halogenochromates(II)
3 - C1C6H4NH3 ] 8 [CrCl6] Cl4 310m
3-ClC6H4NH3]8[CrBr6]Br4 250m
3-ClC6H4NH3]2[CrCl4]CH3C 0 2H 1730s 290br
C3H8N6WCr<:;y  280m
C3HgN6][Cr2Br6]. 8H20  262m
C3H8N6]o5- 1580m* 310m
Cr2(CH3C02)4Cl(CH3C02H)] 1670s
4-HOC6H4NH3]4[CrCl6] 295m
4-HOC6H4NH3]4[CrBr6] 250w
4-BrC6H4NH3]2[CrCl4]. CH3C 0 2H 1720s 300m
4-BrC6H4NH3]2[CrBr4]. H20  23Ow
4-BrC6H4NH3]6[CrBr6]Br3. 2CH3C 02H 1710s 265m
l-MepipzH2]3[CrCl6]Q 2 300m
l-MepipzH2]3[CrBr6]Br2 250w
l-MepipzH2]2[Cr2(CH3C 0 2)4Cl2]Cl2 1590s* 290m
1-MepipzH2]2[Cr2(CH3C 0 2)4Br2]Br2 1590s* 280m
2-CH3C6H4NH3]2[CrCl4]. CH3C 02H 1670s 330m
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Table 3.5: Continued
Compound t>( C =0 ) d( Cr-Cl ) u( Cr-Br )
[Cr2Br4(CH3C 02H)]
[CH3C(0)0(CH2)2NH3]2[CrCl4]
[CH3C(0)0(CH2)2NH3]2[CrBr4]
[CH3C(0)0(CH2)3NH3]2[CrCl4]
[CH3C(0)0(CH2)3NH3]2[CrBr4]
[CH3C(0)0(CH2)2NH3]-
[CrCl3]0.5CH3CO2H
[CH3C(0)0(CH2)2NH3]
[CrBr3]. 2CH3C 0 2H 
[CH3C(0)0(CH2)3NH3]
[CrCl3]. 2H20  
[CH3C(0)0(CH2)3NH3]
[CrBr3]. 0.5CH3CO2H
*d(C0 2), carboxylate
1670s
1738s
1741s
1738s
1741s
1738s
300m
260m
250m
1740s
1737s
1737s
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3.4.5.1 The crystal structure of hexakis (4-bromoanilinium)
hexabromochromate(III) tribromide di-acetic acid
Air-stable needles of [4-BrC6H4NH3]6[CrBr6]Br3 .ZCHgCC^H were isolated 
as described in Section 3.3.34, The composition of the compound has been 
confirmed by the single crystal investigation. Single crystals of approximate 
dimensions 0.3x0.2x0.2 mm were loaded under nitrogen into Lindemann 
capillaries as described in Chapter 2. Cell parameters were determined on an 
Enraf-Nonius CAD4 diffractometer using 25 accurately centred reflections in
the range 13< 6 < 15°.
Crystal Data: C4 0H5QBr15CrN6O4, M r = 1929.51, monoclinic, space group 
P2i/a, a = 10.665(4), b = 24.650(7), c = 11.464(3) À, g = 91.81(3)°, V = 
3012(3)À3, Z = 2,
Dc= 2.127 g cm-3, F(000) = 1826, graphite-monochromated Mo K a  radiation 
(X^ 0.71069 Â), p(Mo Ka) = 100.8 cm"1).
The preparation of this complex was unexpected because analogous 
procedures, again under nitrogen, from [4-BrC6H4NH3]Cl and chromium(II) 
chloride gave the chromium(II) complex [4-BrC6H4NH3]2[CrCl4]. The source 
of oxidation is not known. The original premise was that the structure should 
contain CrBr4 units with two 4-bromoanilinium cations and an acetic acid 
molecule. A combination of Patterson methods and the direct methods 
program showed the the presence of a CrBr6 unit sitting on a centre of 
symmetry together with five other independent Br atoms at another centre of 
symmetry.
Refinement of these heavy atoms caused R to fall to 0.17 and the subsequent
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Fourier maps revealed the light atoms of ligands and the acetic acid. Isotropic 
refinement including hydrogen atoms in fixed calculated positions converged 
at R = 0.118. Anisotropic refinement, initially Cr and Br only, then for all non­
hydrogen atoms finally converged at R = 0.049, R w= 0.070 and S = 1.067. 
The weighting scheme137 used in the final refinement cycles was w _1= 
[g(F2)+(0.048F)2+4.8]. The positions of the hydrogen atoms were calculated 
after every refinement cycle and the final difference map showed the highest 
peak of 0.68 electrons but the hydrogen atom attached to the hydroxyl 
oxygen of the acetic acid was not located. Atomic coordinates are given in 
Table 3.6 and selected bond distances and angles in Table 3.7. The atomic 
numbering scheme and the structure are illustrated in Figure 3.33. All 
calculations were performed with the Enraf-Nonius Structure Determination 
Package.138
The crystal structure contains discrete [CrBr6]3" ions previously reported 
only in Cs2LiCrBr6 for which no crystal structure determination was 
reported.107 Figure 3.33 shows that the Crm atoms are six coordinate. The 
[CrBr6]3" octahedra lie on centres of symmetry and there are three slightly 
different C r-B r distances: 2.513(1), 2.515(1) and 2.521(1) A (Figure 3.33). 
The B r-C r-B r angles are 180° or close to 90° (89.34(4)-90.80(4»; 
consequently, the octahedra are regular as expected for chromium(III) (t32 
configuration) but not high-spin chromium(II) (t32g e 1 configuration).105 The 
Cr-Br distances are similar to those in [Cr2Br9]3" (Cr-terminal Br = 2.417(6) À
and Cr-bridging Br = 2.577(9) À )139 and in CrBr3 (2.57 A) and in trans- 
dibromo( 1,4,8,11 -tetraazacyclotetradecane)chromium(III) bromide (2.496(1) 
Â).140 The Cr-Br distances are -  0.05Â less than the sum of the estimated
151
C l
O—Q c f 
Cl r>c2-
Figure 3.33 Atomic Numbering Scheme for [4-BrC6H4NH3]6[CrBr6]Br3.2CH3C 0 2H7 
A numbered ball-and-stick drawing for the acetic acid molecules.
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ionic radii (2.575 Â; Cr3" , 0.615, Br" , 1.96).141 The cation-to-anion ratio is 
0.314 considerably less than the critical value of 0.414 below which a 
transformation to a tetrahedral complex might be expected to take place.
Also, the B r-B r distances in the coordination sphere are in the range 3.54-
3.58 Â (2xrBr_= 3.92 Â) suggesting crowding and distortion of the bromide 
ions around the central metal ion. Figure 3.33 shows how six [4-BrC6H4NH3] 
cations surround each CrBr6 group. The stability of this rare group and the 
overall stability of the compound must be very dependent upon the hydrogen 
bonding throughout the lattice. The distances between the nitrogen atoms 
and the nearest bromine atoms of the CrBr6 octahedra indicate weak 
hydrogen bonds: Br(l 1) to N(l), N(2), N(3), 3.40-3.50 Â; Br(12) to N (l), N(2), 
N(3), 3.44-3.55 A; Br(13) to N (l), N(2), N(3), 3.40-3.63 À. The lattice acetic 
acid molecules are extensively hydrogen bonded. The carboxyl hydrogen of 
the acid was not found crystallographically, but the smaller separation of C(l)- 
-0(1) (1.18 À) compared with C(I)—0(2) (1.32 Â) indicates that C (l)—0(1) is a 
double bond and that C (l)—(2) is a single bond with a hydrogen atom 
attached to 0(2).
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Table 3.6: Final atomic coordinates for non-hydrogen atoms in
[4-BrC6H4NH4]6[CrBr6]Br3. 2CH3C 02H with e.s.d.s in parentheses
Atom X y z
Br(l) 0.1151(2) 0.28694(9) 0.1883(2)
Br(2) 0.2773(3) 0.2944(1) 0.8797(2)
Br(3) 0.4803(2) 0.19301(8) 0.5511(2)
Br(4) 0.4936(1) 0.49773(7) 0.7176(1)
Br(5) 0.000 0.500 0.000
B r(ll) 0.2014(1) 0.55306(6) 0.4991(1)
Br(12) -0.0879(1) 0.56385(6) 0.6485(1)
Br(13) 0.0893(1) 0.44254(6) 0.6636(1)
Cr 0.000 0.500 0.500
0 (1 ) 0.3297(9) 0.4969(4) 0.0073(8)
0 ( 2 ) 0.405(1) 0.4227(5) -0.0737(9)
N(l) 0.296(1) 0.0542(5) 0.1957(9)
N(2) 0.300(1) 0.0518(5) 0.7971(1)
N(3) 0.368(1) 0.4344(5) 0.4903(9)
C(l) 0.344(1) 0.4494(6) 0.007(1)
C(2) 0.294(2) 0.4117(8) 0.096(1)
C (ll) 0.256(1) 0.1115(6) 0.190(1)
C(12) 0.318(1) 0.1486(6) 0.255(1)
C(13) 0.277(2) 0.2013(7) 0.251(1)
C(14) 0.175(1) 0.2148(7) 0.184(1)
C(15) 0.113(1) 0.1795(7) 0.118(1)
C(16) 0.153(1) 0.1242(7) 0.118(1)
C(21) 0.293(1) 0.1101(6) 0.820(1)
C(22) 0.389(1) 0.1354(7) 0.876(1)
C(23) 0.386(2) 0.1906(7) 0.896(1)
C(24) 0.280(2) 0.2182(7) 0.859(1)
C(25) 0.185(2) 0.1935(7) 0.801(1)
C(26) 0.190(1) 0.1385(7) 0.778(1)
C(31) 0.398(1) 0.3744(6) 0.501(1)
C(32) 0.505(1) 0.3543(7) 0.464(1)
C(33) 0.531(2) 0.2994(7) 0.482(2)
C(34) 0.449(1) 0.2676(5) 0.530(1)
C(35) 0.343(2) 0.2889(7) 0.567(2)
C(36) 0.317(1) 0.3424(7) 0.553(2)
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Table 3.7: Selected bond lengths (A0) and angles (°) for
[4- BrC6H4NH3]6[CrBr6]Br3 2CH3C 02H with e.s.d.s in parentheses
C r-B r(ll) 2.515(1) C (l)-0(1) 1.18(2)
Cr-Br(12) 2.521(1) C (l)-0 (2 ) 1.32(2)
Cr-Br(13) 2.513(1) C(l)-C (2) 1.49(2)
B r(ll)-C r—B r(ll) 180.00(0) 0 ( l) -C (l) -0 (2 ) 124(1)
B r(ll)—Cr—Br(12) 90.80(4) 0(1)-C(1)-C(2) 125(1)
B r(ll)—Cr—Br(13) 89.57(4) 0(2 )-C (l)-C (2 ) 111(1)
Br(12)—Cr—Br(12) 180.00(0)
Br( 12)—Cr—Br( 13) 89.34(4)
Br( 13)-C r—Br( 13) 180.00(0)
The IR spectrum has a strong absorption band at 1710 cm"1, too high for an
acetate group, which can be assigned to d(O O )  of a carboxylic acid. The 
double bond oxygen atom 0(1) forms weak hydrogen bonds to two amine 
cations (0(1 )~N(2)=2.966 Â; 0(1)—N(l)=3.001 Â). Of the three bromide ions 
per molecule, the unique ion Br(4) sits on a centre of symmetry and is 
hydrogen bonded to the hydroxyl group 0(2) of the aetic acid molecules 
(0(2)—Br(4)=3.191 Â). 0(2) lies somewhat further from the bromine atom of 
an amine cation (0(2)—Br(2)=3.48 A). The bromide ion Br(4) also has two 
close contacts with N(3) at 3.29 and 3.30 Â, but distance to N (l) and N(2) are 
greater than 3.56 A. The other bromide ions , Br(5), have two symmetrical 
contacts with N(2) at 3.36Â and two symmetrical contacts with N (l) at 3.45 
A. Thus the environment around both these bromide ions is sparse and they 
are only weakly linked to the rest of the structure.
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3.4.S.2 The Crystal and Molecular Structure of
Bis(2-acetoxyethylammonium) Tetrabromochromate(II)
The structures of several ferromagnetic tetrachlorochromates(II) 8 7 ’2 8 ’7 9 ’8 0  and 
of the tetrabromochromate(II) [C ^ C ^ N H g ^ tC rB ^ ]  are known . 3 1  Now the
second structure of a ferromagnetic tetrabromochromate(II), formulated as 
[CH3 C(0 )0 (CH2 )2 NH3 ]2 [CrBr4], is reported. The crystals are very thin, air- 
sensitive, greenish yellow plates. Single crystals were loaded into Lindemann 
capillaries as described in Chapter 2, and one of approximate dimensions 0.2 
x0.15 x0.15 mm was used for the crystallographic studies carried out by Dr.
D. C. Povey and Mr. G. W. Smith. The unit-cell dimensions were determined 
by least squares refinement of a set of 2 £  reflections on an Enraf-Nonius 
CAD4 diffractometer. The refinement converged at R = 0.08.
C rystal D ata: CgE^g^C^B^Cr, M = 579.89, space group P 2 1 /a,
monoclinic, a = 7.518(5), b = 7.930(2), c = 14.946(3) Â, V = 8 8 6 . 2  (1.1) A3 /3=9&99*
Z -  2, D c = 2.173 g cm"3, graphite-monochromated Mo - Ka  radiation (k  =
0.71073 Â), |it(Mo - = 95.7 c m 1.
The formulation [HO(CH 2 )NH3 ]2 [CrBr4]. 2CH 3 C 0 2H was expected, but the 
X -ray crysta l s truc tu re  con firm ed  that the fo rm u la tion  is 
[CH3 C(0 )0 (CH2 )2 NH3 ]2 [CrBr4]. It seems that during the preparation there 
was a reaction between [HO(CH2)2 NH3]+ and CH 3 C 0 2H to form the cation
[CH3 C(0 )0 (CH2 )2 NH3]+ and water.
The atomic numbering scheme is shown in Figure 3.34 and the contents of
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the unit cell in Figure 3.35. Some bond lengths and angles are given in 
Table 3.8.
Figure 3.34 shows that the Cr11 atoms are six coordinate. Four Br atoms are 
disposed in a square-planar arrangement with mean C r-B r distances of 2.54
Â. The [CrBr4]2" units are held in a two-dimensional network by two long 
bonds (2.973 Â) to neighbouring anions. The layers so formed are 
intercalated by the double layers of [CH 3 C(0)0(CH 2 )2 NH3]+ cations. A 
polymeric structure was expected from the magnetic and spectroscopic 
properties of monoalkylammonium tetrabromochromates(II) generally , 1 4 ’7 8  and 
their similarities to the tetrachlorochromates(II), and bis(benzylammonium) 
tetrabromochromate(II), which are known to have layer structures . 2 8 ’7 9 ’ 8 0 ’8 7  
The long axes of the [CrBr6] groups alternate at right angles in the basal plane 
and this leads to the ferromagnetic interaction . 1 4 2  The C r-B r distances are 
similar to those in other bromo complexes of chromium(II) 2 8 ’7 6 ’ 1 4 3  The direct 
Cr-Cr separation is 5.464 À, and the bridge angle C r-B r-C r is 165.39°.
Since [CH3 C(0)0(CH 2 )2 NH3 ]2 [CrCl4], [CH3 C(0)0(CH 2 )3 NH3 ]2 [CrCl4] and 
[CH3 C(0)0(CH 2 )3 NH3 ]2 [CrBr4] are ferromagnetic, analogous intercalated 
structures can be assumed for them.
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Figure 3.34 Atomic Numbering Scheme for [CH3C (0)0(C H 2)2NH3]:,[CrBr4]
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Figure 3.35 Unit Cell Contents of [CH3C (0 )0 (C H 2),NH 3U [C rB r4]
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Table 3.8 Coordination Bond Distances (A) and Bond Angles ( 0 ) for
[CH3C (0)0(C H 2)2NH3]2[CrBr4] (e.s.d.s. in parentheses)
Cr-Br (1)
Cr-Br (2)
Cr-Br (21)
Cr-Cr
Cr-Br (2)-Cr
Br (l)-C r-B r ( 1 )
Br (l)-C r-B r (2)
Br (l)-C r-B r (2')
Br (2)-Cr-Br (2)
2.558 ( 1 ) 
2.536(1) 
2.937 ( 1 ) 
5.464 (1) 
165.33 
180.00 (0 )
89.57 (4)
89.57 (4) 
180.00 (0 )
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3.4.S.3 Proton Magnetic Resonance Spectra of Oxidised 
Halogenochromates(II)
After an X-ray crystal structure investigation of the compound thought to be 
[H O C C ^^bM gyC rB r^. 2CH3COOH show ed th a t it was [2- 
CH3 C(0 )0 (CH2 )2 NH3 ]2 [CrBr4], it was assumed that the other compounds of 
the same type which were also isolated from glacial acetic acid might contain 
acetoxy cations. To confirm  this all complexes prepared from 
ethanolammonium and propanolammonium salts and chromium(II) salts in 
glacial acetic acid were decomposed by deutered methanol in which
they dissolved and ^H-NMR spectra were determined. These confirmed 
(Table 3.9) the presence of the cations [CH 3 C(0 )0 (CH2 )2 NH3]+ or
[CH3 C(0)0(CH 2 )3 NH3]+ . The solvent used for the NMR spectra was
deuterated methanol because of solubility limitations; for example deutero- 
dimethylsulfoxide gave turbid solutions although one spectrum was recorded 
using this solvent. The nmr spectra of compounds prepared from ethanol were 
similarly recorded for comparison.
The CH 3  signals of the ester group were observed in the complexes which 
were isolated from glacial acetic acid, as were the CH 2  resonances. The CH 3  
signals were not observed for the compounds which were obtained from 
ethanol but CH 2  signals were at 3.04 ppm. This confirms that there were
reactions of the solvent acetic acid with the cations [HO(CH 2 )2 NH3]+ and 
[HO(CH2 )3 NH3]+ to  fo rm  [C H 3 C(0 )0 (CH2 )2 NH3]+ and 
[CH3 C(0)0(CH 2 )3 NH3]+. iR-NMR investigations also showed that the 
solvent acetic acid has no reaction with the cation [HOC 6 H4 NH3]+ (Table 
3.9). About 0.05 g of each compound was added to (~ 5.00 cm3) of CD3OD
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in small stoppered sample tube, reco ded spectra were recorded on a Bruker 
AC-300 E Pulse Fourier Transform NMR Spectrometer, operating at 300 MHz.
Table 3.9. Proton NMR Data for Halogenochromate(II) Salts After 
Oxidation
Compound Residue
i a
No. of H Ô^(ppm)
[CH3 C(0)0(CH 2 )2 NH3]2- c h 3 3 2 . 1 0  (s)
[CrCl4] c h 2o 2 3.22 (s)
c h 2n 2 4.27 (s)
DMSO
[CH3 C(0)0(CH 2 )2 NH3]2- c h 3 3 2.06 (s) 2 .1 1 (s)
[CrBr4] c h 2o 2 3.09 (m) 3.25 (s)
c h 2n 2 4.20 (m) 4.31 (s)
[CH3 C(0)0(CH 2 )3 NH3]2- c h 3 3 2.05 (m)
[CrCl4] c h 2c 2 2.09 (m)
c h 2o 2 3.03 (s)
c h 2n 2 4.16 (s)
[CH3 C(0)0(CH 2 )3 NH3]2-
5
1
3 2.16 (m)
[CrBr4] c h 2c 2 2.15 (m)
c h 2o 2 3.11 (s)
c h 9n 2 3.30 (m)
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Table 3.9 Continued
Compound Residue No. of H ônCppin)
[CH3 C(0)0(CH 2 )2 NH3]- c h 3 3 2.16 (s)
[CrCl3]. 0.5CH3 CO2H c h 2o 2 3.60 (s)
c h 2n 2 4.35 (s)
[CH3 C(0)0(CH 2 )2 NH3]- c h 3 c o 2h 1.99 (s)
[CrBr3]. 2CH3 C 02H c h 3 3 2 . 1  l(s)
c h 2o 2 3.30 (s)
c h 2n 2 4.30 (s)
[CH3 C(0)0(CH 2 )3 NH3]- h 2o 4.67 (s)
[CrCl3]. H20 c h 3 + c h 2 5 2.05 (s)
c h 2o 2 3.03 (s)
c h 2n 2 4.16 (s)
[CH3 C(0)0(CH 2 )3 NH3]- c h 3 c o 2h 1.98 (m)
[CrBr3]. 0.5CH3 CO2H c h 3 3 2.16 (m)
c h 2c 2 3.12 (m)
c h 2o 2 3.24 (m)
c h 2n 2 3.61 (m)
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Table 3.9 Continued
Componud Residue No. of H §H<PPm)
[HOC6H4NH3]4- c h 3c o o h 1.98 (s)
[C rC y c ^ o 2 6.87 (s)
C6 H4 N 2 7.19 (s)
[HOC6H4NH3]4- C6 H4 0 2 6.90 (s)
[CrCl6] C6 H4 N 2 7.23 (s)
[HOC6H4NH3]4- c ^ o 2 6.91 (s)
[CrBr6] C ^ N 2 7.24 (s)
[HO(CH2)2NH3]4- c h 2o 2 3.04 (s)
[CrBr6] c h 2n 2 3.75 (s)
[HO(CH2)3NH3]8- c h 2c 2 3.11 (s)
[CrBr6]Br4 c h 2o 2 3.21 (s)
c h 2n 2 3.72 (s)
1 relative to tetramethylsilane
at
2 in deutered methanol
3 in d6-dmso
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3.4.S.4 X-Ray Powder Diffraction Study of 3-Chloroanilinium Chromium 
Chloride and 3-Chloroanilinium Copper Chloride Complexes
The copper(II) complex [3-ClC6H4NH3]8[CuCl6]Cl4 has been shown109 by X- 
ray crystal structure investigations to consist of discrete 3-chloroanilinium 
cations, discrete [CuCl6]4" anions and uncoordinated chloride ions (Section
3.1.2). Single crystals of the chromium(II) complex [3-ClC6H4NH3]8[CrCl6]Cl4 
were isolated (Section 3.3.31) but were not suitable for X-ray investigation. 
Consequently, X-ray powder diffraction photographs of both compounds 
were taken for comparison. The data are shown in Table 3.10.
The copper(II) complex was prepared by the described method. The results 
show that the complexes have different structures, but do not exclude the 
presence of [CrCl6]4" ions in the chromium(II) complex.
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Table 3.10
[3-ClC6H4NH3]8[CrCl6]Cl4 [3-C1C6H4NH3]8[CuC16]C14
White Greenish yellow
6hkl dhkl 1 6hkl dhkl I
(degree) (Â) (degree) (Â)
12.70 3.47 s 12.88 3.45 s
12.45 3.57 s 17.27 2.59 s
12.96 3.34 s
9.83 4.50 s
9.11 4.86 s
17.18 2.60 s
10.33 4.29 m 11.78 3.77 m
14.40 2.77 m 11.23 3.95 m
11.2 3.96 w 10.52 4.21 m
13.32 3.09 w 8.86 4.99 m
16.12 2.77 w 13.42 3.31 m
16.73 2.67 w 13.8 3.22 m
17.43 2.57 w 15.01 2.97 m
4.52 9.76 w 18.3 2.45 w
5.65 7.82 w 23.98 1.89 w
11.20 3.96 w 26.28 1.73 w
18.57 2.41 w 19.67 2.28 vw
27.12 1.68 vw 27.50 1.66 vw
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CHAPTER FOUR
Chromium(II) Complexes 
of Nitrogen-Donor 
Ligands
4.1 Introduction
The coordination behaviour of a large number of nitrogen-donor ligands such 
as ethylenediamine, pyridine and 2,21-bipyridyl towards chromium(II) is well
know n . 2 3 ’2 6 ’ 1 4 8 ' 1 5 3  There have very recently been two excellent reviews
covering chromium(II) chemistry with such types of ligands . 1 ’3 0  In this 
Chapter the preparation and properties of chromium(II) complexes of tri(2- 
pyridyl)amine (tpam), tetrakis(2-pyridylmethyl)ethylenediamine (tpen), N,Nl-
bis(8 -quinolyl)ethylenediamine (H2nni), 3 ,6 -dimethyl-1 ,8-(3,5-dimethyl- 1 - 
pyrazolyl)-3,6-diazaoctane (ddad) and 1,4-bis(2-ethyl-(3,5-dim ethyl-1 - 
pyrazolyl)-piprazine (bedp) (Figure 4.1) are discussed. The ligands were 
chosen because they contain aliphatic amine and substituted pyridine or 
pyrazole as ligating groups, and could provide new types of chromium(II) 
complex. Known metal complexes of the ligands are briefly discussed 
followed by an account of the new research.
4.1.2 Complexes of Tri(2-pyridyl)amine
McWhinnie et al1 5 4  have investigated complexes of tri(2-pyridyl)amine of the
general formula [M ^pam ^K C lO ^, (M = Co, Ni, Cu) and established the 
ability of tri(2-pyridyl)amine to function as a terdentate ligand. X-ray powder 
results suggest the Ni and Cu complexes to be isomorphous. The blue copper 
complex is readily isomerised to a yellow-green modification which has similar 
spectroscopic properties to [Cu(dppa)2 (C1 0 4)2] (where dppa = di(2 - 
pyridyl)phenylamine) and is formulated as a complex of bidentate tri(2 - 
pyridyl)amine. Solid state infrared spectra suggest the perchlorate groups to 
be coordinated in yellow-green [Cu(tpam)2 (C104)2] and in [Cu(dppa)2 (C104)2] 
but not in the complex [Cu(tpam)2 (ketone)2 ](C104 ) 2  (ketone = acetone or 
ethyl methyl ketone). The complexes [Cu(tpam)2 IC104], [Cu(tpam)2 I2] and
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Figure 4.1
'N N - O
N
Tri(2-pyridyl)amine = tpam
_//C H 2—  
NCH2CH2N ^
Cn  J — CH; H.
Tetrakis(2-pyridylmethyl)ethylenediamine
/ _ x  / \W  V7
X = CH2 CH2 ,N,Nl-bis(8 -quinolyl)ethyIenediamine = Hmn 1
v_y v_v
3,6-dimethyl-l,8-(3,5-dimethyl- l-pyrazolyl)-3,6-diazaoctane = ddad
1,4-bis(2-ethyl-(3,5-dimethyl-1 -pyrazolyl)-piperazine = bedp
= tpen
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[Cu(tpam)2(SCN)]C104 are also reported.
Several complexes1 5 5  of tri(2-pyridyl)amine with the chlorides and bromides 
of Mn(II), Co(II), Ni(II), Cu(H), Zn(II), Pd(II), Rh(II), Ir(II) such as 
[Mn(tpam)Cl2], [Co(tpam)2 X2] and [Cu(tpam)2 ][CuX4] X = Cl or Br were 
prepared by the addition of ligand to metal in 1 : 1  molar ratio and their 
structures were discussed. Terdentate tri(2-pyridyl)amine is recognised as a
strong-field ligand (A = 12,820 cm ' 1 with respect to Ni(II)) thus indicating that 
strong conjugation between the aromatic centres in a polypyridyl ligand is not 
a prerequisite for high ligand field strength.
Kulasingam and McWhinnie1 5 6  have prepared compounds of bivalent cobalt,
nickel and copper nitrates and thiocyanates with tri(2 -pyridyl)amine and di(2 - 
pyridyl)phenylamine. The compounds are [M(tpam)2 (N 03)2] (M = Co or Cu), 
[M(tpam)2 ](N03)2, (M = Co or Ni), [Co(tpam)2 ][CoX4], (X = N 0 3  orNCS), 
[Ni(tpam)(H2 0 ) 2 N 0 3 ]N03, [Cu(tpam)(N03 )I], [M(tpam)2 (NCS)2], M = Co or Ni, 
[Ni(tpam)(NCS)2] and [CuL(CNS)2] (L = tpam or dppa). The spectra of the 
compounds are discussed in terms of their probable structures and in addition 
evidence is presented to show that three possible linkage isomers of 
[CuL(SCN)2] have been prepared. In addition, several complexes of tri(2- 
pyridyl)amine with iron(II) perchlorate, chloride and bromide were prepared
and their spectra were extensively discussed . 1 5 7
4.1.3 Complexes of Tetrakis(2-pyridylmethyl)ethylenediamine
Toftlund et a l 1 5 8  have reported complexes of the new hexadentate amines 
N ^ ^ 1N I-tetrakis(2-pyridylmethyl)ethylenediamine (tpen).
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NJ^J^^^tetrakisCl-pyridylmethy^propylenediamine (tppn),
N)NJ<l1J<1-tetrakis(2-pyridylmethyl) trimethylenediamine (tptn),
NJNrNIJ<1-tetrakis(2-pyridylmethyl)-trans-1,2-cyclohexanediamine (tpchxn),
N-(6-methyl-2-pyridylmethyl)-N,NlJM1-tris(2-pyridylmethyl)ethylenediamine 
(I tp e n )  and N ,N -b is (6 -m e th y l-2 -p y r id y lm e th y l) -N ,N -b is (2 -  
pyridylm ethyl)ethylenediam ine)(blbpen) with iron(II), cobalt(III) and 
nickel(II). The results show that the complexes of iron(II), FeLX 2  with L =
tpen, tppn and tpchxn, exist in temperature-dependent high-spin ( 5 T2) = low-
spin ( ^ j )  equilibria with spin transition temperatures Tc 380 K for
[Fe(tpen)]2+, 492 K for [Fe(tppn)]2+ and 445 K for [Fe(tpchxn)]2+. The 
compounds of iron(II) with L = tptn are low-spin and L = blbpen are high- 
spin over the temperature range investigated. However, so far no study has 
been done on chromium(II) complexes with multidentate ligands containing 
aliphatic amines and substituted pyridines as ligating groups. Such ligands are 
desirable in order to enhance the stability of the complexes.
4.1,4 Complexes of N^N1 -bis(8-quinolyl)ethylenediamine
Although much work has been published on metal complexes with 8 - 
aminoquinoline , 1 it has been found that these complexes are subject to
hydrolysis and are, therefore, unstable . 1 5 9  More stable chelates can be formed
from NrN1-bis(8 -quinolyl)ethylenediamine (H2 nni). This ligand is interesting in
its intermediate character between aliphatic and aromatic systems and also in 
the variety of stereochemistry of its metal complexes.
N ^ 1-Bis(8 -quinolyl)ethylenediamine (H2nnO is a versatile tetradentate ligand
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which may remain neutral or act as a divalent anion. Jenson and Nielsen first 
reported the Cu(II) and Ni(II) complexes1 6 0  of this ligand. Nielsen and Dahl 
prepared Ni(II) and Cu(II) complexes of the type [Ni(H2 nni)(H2 0 ) 2 ]Cl2  and 
[Cu(H2 nni)(H2 0 ) 2 ][C104]2. However, there was no conclusive evidence for 
the cis-structures proposed for all these complexes . 1 6 0  It was predicted that
steric interaction between hydrogen atoms of diamine would prevent the 
formation of square planar complexes.
Ribas et a l 1 6 1  investigated complexes of the type [MX2 (H2 nni)] (M = Cu or
Co 1 6 2  ; X = Cl ", B r ,I ',  NO3 ' or SCN"). The electronic spectra are consistent 
with distorted octahedral geometry around the ions indicating the four 
coordination of the H2 nn> ligand. Magnetic measurements down to 100 K 
show antiferrom agnetic interactions in all the Cu(II) compounds 
demonstrating the existence of ionic and bridging X groups. Infrared spectra 
show the presence of ionic and bridging nitrate in [M (N 0 3 )2 (H2 nni)] (M = Co 
or Cu) com pounds and ionic and bridging NCS groups in the 
[Cu(NCS)2 (H2 nni)] compound. Ribas et a l 1 6 3  later reported the crystal 
structure and spectroscopic properties of [Cu(H 2 nn 1)Cl]C104. The structure 
consists of two [Cu(H2 nn 1)Cl]+ cations and two C104' anions. The structure of
the cation involves a five-coordinate CuN4Cl chromophore with an 
intermediate stereochemistry between square-pyramidal and trigonal-
bipyramidal, with no evidence for even semi-coordination of the C104" anion
or CT. Effectively, the CjK)(l) and C u-C l(l) distances are 4.101 and 4.081 A 
respectively.
Diaz and Ribas 1 6 4  reported four complexes of Cu(II) and Ni(II) containing 
tetradentate H2 nn> and N3" or NCO" anions. The com pounds
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[(H2nni)CuN3Cu(H2nni)](PF6)3 (F igure 4 .2 ) ,  (C u(H 2nn')NCO]iPF6l 
[(H2nni)Ni(OH)(NCO)Ni(H2nni)](PFg)2. 3H 20  (F ig u re  4 .3 )  and 
[(H2nn.)Ni(N3)2Ni(H2nn.)](PF6)2 have been prepared; analytical and 
spectroscopic data indicate that the copper(ll) com plexes are penta- 
coordinated, being mono-nuclear when the cyanato group is the fifth ligand 
and dinuciear with azido acting as bridging ligand. Both NjH derivatives are 
dinuclear, with two azido (Figure 4.4) or one cyanato and one hydroxo(Figure 
4.4) as bridging ligands. The CuD complexes are not magnetically coupled
(from susceptibility measurements up to liquid nitrogen temperature). The 
following structures (Figure 4.5) have been proposed.
Figure 4.2
Figure 4.3
L
[PF6]2
Figure 4.4
Figure 4.5
In the dinuclear complexes of Ni it is assumed that either N 3  or OCN has end- 
to-end coordination, due to the antiferromagnetic coupling. When both 
pseudo-halide ligands are bridged in end-on coordination the coupling is 
ferromagnetic.
4.1.5 Complexes of Pyrazolyl-substituted Ligands
Finally, complexes with ligands containing aliphatic nitrogen donor atoms in 
combination with pyrazole groups are dicussed. Two such ligands are 3, 6 - 
dimethyl-1 ,8-(3,5-dimethyl- 1 -pyrazolyl)-3,6-diazaoctane (ddad) and l,4-bis(2- 
ethyl-(3,5-dimethyl-1 -pyrazolyl))-piperazine (bedp). The steric constraints of 
these ligands greatly influence their coordination chemistry. The coordination 
chemistry of pyrazolyl-substituted ligands has been developed rapidly in the 
last two decades. Compounds have been reported with most 3d metal ions. 
Some have been found to have uncommon structural and spectral properties.
C hrom ium (II) com plexes [C r(H 2 Cpz2 )2 ](BPh4)2, [C rX 2 (H2 Cpz2)2l  
[CrX(H2 Cpz2 )2 ]BPh4  (H2 Cpz2  = 1 , 1  -methylenedipyrazole ; X = Cl, Br, I), 
[CrX(H2 Cdmpz2 )2 ]X, [CrCl(H 2 Cdmpz2 )2 ](BF4), [CrX(H 2 Cdmpz2 )2 ](BPh4) 
(H2 Cdmpz2  = 1,1 -m ethylenebis(3,5-dim ethylpyrazole) ; X = Br, I), 
[CrBr(MeTPyEA)]BPh4. EtOH, [Cr(SCN)(MeTPyEA)]BPh (MeTPyEA = 
tris(3,5-dimethyl-1 -pyrazolylethyl)amine), [CrX(TPyEA)]BPh4  ; (TPyEA = 
tris(pyrazolylethyl)amine ; X = Br, NCS) have been isolated from non-aqueous 
solvents . 1 6 5 - 1 6 8  T h e  c o m p l e x e s  [ C r C l  ( H 2 Cdmpz2 )2 ](BF4> 
[CrX(H2 Cdmpz2 )2 ]BPh4, [CrX(H 2 Cdmpz2 )2 ]X, [CrX(MeTPyEA)]BPh4, and 
[CrNCS(TPyEA)]BPh4  contain square pyramidal cations. The remaining 
complexes are mostly high-spin, six-coordinate complexes with temperature 
independent magnetic moments, but in a few, eg. [CrCl2 (H2 Cpz2)] and 
[CrBr(TPyEA)]BPh4  the halide-bridges needed to produce six-coordination
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lead to weak antiferromagnetism.
Recently, ligands containing aliphatic nitrogen donor atoms in combination 
with pyrazole groups have been developed and several dinuclear complexes 
have been isolated. Dinucleating systems are also of interest in relation to 
magnetic properties, electrochemistry, reactivity and coordination bonding.
Haanstra et al1 6 9  have isolated several compounds of the ligands 3,6-dimethyl- 
1,8-(3,5-dimethyl-1 -pyrazolyl)-3,6-diazaoctane (ddad) and 1,4-bis(2-ethyl-(3,5- 
dim ethyl-1 -pyrazolyl))-piperazine (bedp): M = Cu, Ni; M (ddad)(BF4)2, 
Co(ddad)(H 2 0)(BF4)2, (M 2 (ddad)Cl4, M = Co,Ni,Cu,Zn, Co 3 (ddad)2 (NCS) 6  
and Cu2 (ddad)(NCS)3. The coordination by the ligand is square planar, while 
Ni(ddad)(NCS) 2  contains additional trans-coordinating thiocyanate anions. 
The coordination of the copper atoms in both molecules is intermediate 
between tetrahedral and square planar. The chloride compounds are, except 
for Ni(B), all dinuclear with MN2 C12  chromophores. The nickel(II) compound 
contains square planar Ni(ddad)2+ cations and tetrahedral NiCl42' anions. The
thiocyanate com pound of N i(II), which is isom orphous with the 
corresponding Zn(II) compound, has octahedral chromophores. The cobalt 
compound crystallizes as [Co(ddad)(NCS)]2 [Co(NCS)4] with five-coordinate 
cobalt in the cation. With copper thiocyanate ddad forms the mixed-valence 
compound Cu2 (ddad)(NCS)3, containing, [Cu(ddad)]2+ and [Cu(NCS)3]2'
ions. With the ligand bedp the compounds [M(bedp)](H 2 0)(BF4)2, M = Ni, 
Cu; [M (bedp)(NCS)2] M= N i,C o, Zn 2 (bedp)(NCS)4, M 2 (bedp)Cl4  
(M=Ni,Co,Cu,Zn) and Cu2 (bedp)(NCS) 3  were obtained. The chlorides form 
dinuclear compounds (similar to ddad) with MN 2 C12  chromophores. However, 
in addition to the green form of [Ni(bedp)][NiCl4] a purple isomer 
Ni2 (bedp)Cl4, with NiN2 Cl2  chromophores, was obtained. The ligand field
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spectra of Ni(bedp)(NCS ) 2  and the isomorphous cobalt(II) compound show 
typical octahedral chromophores. With copper thiocyanate a mixed-valence 
compound was formed, with a structure likely to be similar to that of the 
corresponding ddad compound, viz. [Cu(II)(bedp)][Cu(I)(SCN)3].
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4.2 E xperim ental
4.2.1 Preparation of Tri(2-pyridyl)am ine
A mixture of 2-aminopyridine (9.00 g, 0.09 mole), 2-bromopyridine (25 g, 0.15 
mole), powdered potassium carbonate ( 2 0  g), copper bronze (0 . 5  g), a trace of
potassium iodide and pure dry mesitylene (50 cm3) was boiled under under 
reflux for 16 hours (oil bath at 150-160°C).170 The contents of the flask were
then distilled with steam to remove mesitylene and unchanged bromopyridine 
and aminopyridine. There remained in the distillation flask a brown liquid, 
which partly solidified to a brown amorphous solid on cooling. The contents 
were extracted with chloroform (50 cm3) and the brown residue obtained after
evaporation of the chloroform was recrystallised from a mixture of benzene 
and hexane, after treatment with decolourizing charcoal (Yield 30%).
Calculated for C H N
C 1 5 H 1 2 N4  72.55 4.87 22.58 %
Found 72.40 4.75 22.21
4.2.2. Dichlorom ono(tri(2-pyridy])amine)chromium(II) m onohydrate
Chromium(II) chloride tetrahydrate (1.14 g, 0.005 mole) was dissolved in 
absolute ethanol (50 cm3). To this was added tri(2-pyridyl)amine (0.5 g, 0.005 
mole) and a green compound separated immediately. The suspension was 
heated briefly to boiling. After cooling, the green solid was filtered off,
washed with absolute ethanol (50 cm 3) and dried under vacuum at room
temperature for four hours. It turned dark green in a few minutes in air 
(Yield 70%).
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Calculated for
C 1 5 H 1 4 N4 OCrCl2
Found
C
46.27
47.19
H N
3.62 14.39 %
3.90 14.17
4.2.3. Dibromomono(tri(2-pyridyl)amine)chromium(II) trihydrate
Chromium(II) bromide hexahydrate (1.57 g, 0.004 mole) was dissolved in 
absolute ethanol (50 cm3). To this was added tri(2-pyridyl)amine (1.00 g, 
0.004 mole) and a dark green solution which was obtained immediately was 
heated briefly to boiling. A green compound separated from the hot solution. 
After cooling, it was filtered off, washed with absolute ethanol (50 cm 3) and
dried under vacuum at room temperature for four hours. It turned dark green 
in a few minutes in air (Yield 70%).
Calculated for C H N
(- 1 5 ^ 1 8 ^ 0 3  CrBr2 35.04 3.52 10.90 %
Found 34.37 2.95 11.00
4.2.4. Diiodo(tri(2-pyridyl)amine)chromium(II) octahydrate
Chromium(II) iodide hexahydrate (2.80 h, 0.006 mole) was dissolved in 
absolute ethanol (50 cm 3). To this was added tri(2-pyridyl)amine (0.70 g,
0.002 mole) which dissolved on heating. The dark green solution was 
allowed to cool and a very small amount of dark yellow solid appeared. The 
solution was then kept in a refrigerator, but no additional product appeared.
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Therefore, the solution was concentrated to dryness and the dark yellow 
compound scraped out in the nitrogen box. It turned green in a few minutes 
in air (Yield 80%).
Calculated for C H N C r
C ! gH^N^O^C^bi 15.93 3.70 4.90 9.20 %
Found 15.56 2.89 4.42 10.25
4.2.5. D ibrom obis(tri(2-pyridyl)am ine)chromium (II) pentahydrate
Chromium(II) bromide hexahydrate (0.64 g, 0.002 mole) was dissolved in 
absolute ethanol (50 cm3). To this was added tri(2-pyridyl)amine (1.00 g, 
0.004 mole) and the reaction mixture was heated until all the solid dissolved. 
The dark green solution was allowed to cool in a refrigerator, but no solid was 
obtained, therefore, the solvent was evaporated under vacuum. The greenish 
brown compound obtained was washed with diethylether and dried under 
vacuum for three hours. It turned green in a few minutes in air (Yield 75%). 
The chloro-complex was similarly prepared but no measurements were carried 
out.
Calculated for C H N
^30^34^8^5^r^ r2 45.12 4.29 14.03 %
Found 44.56 3.97 13.87
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4.2.6. B is(tri(2-pyridyl)am ine)chrom ium (II) trifluorom ethylsulphonate 
mono-ethanol
Chromium(II) triflate tetrahydrate (1.29 g, 0.003 mole) was dissolved in 
absolute ethanol (50 cm3). To this was added tri(2-pyridyl)amine (1.4 g, 0.005 
mole). The suspension was heated heated briefly to boiling. The brown 
solution was allowed to stand undisturbed overnight and the dark blue 
crystals obtained were filtered off, washed with absolute ethanol and dried 
under vacuum at room temperature for four hours. The crystals turned green in 
a few minutes in air (Yield 72%).
Calculated for C H N
^34^30^8^7^2^6^r 45.75 3.38 12.55 %
Found 47.03 3.35 12.68
4.2.7. Dithiocyanato(tri(2-pyridyl)am ine)chromium (II)
Anhydrous chromium(II) chloride (1.29 g, 0.009 mole) was dissolved in 
absolute ethanol (50 cm3). To this was added a solution of KSCN (2.00 g) in a 
mixture of water and absolute ethanol (25 cm3). The white precipitate of KC1 
was filtered off and the dark blue filtrate divided into two portions. To one 
portion tri(2-pyridyl)amine (1.30 g, 0.005 mole) in absolute ethanol (50 cm 3) 
was added. The brown compound which appeared immediately was filtered 
off, washed with absolute ethanol and dried under vacuum at room 
temperature for four hours. It turned green in one minute in air (Yield 75%).
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Calculated for 
Found
C
49.07
49.69
H N
2.90 20.20 %
3.35 20.07
4.2.8. Tri(2-pyridyl)am inechrom ium (II) te trafluoroborate hexahydrate
Chromium(II) tetrafluoroborate tetrahydrate (3.00 g, mole) was dissolved in 
absolute ethanol (60 cm 3). To this was added tri(2-pyridyl)amine (2.5 g, 
mole). The reaction mixture was heated to reflux. A grey powder mixed with 
pale yellow crystals of the ligand separated from the red solution on cooling. 
The unwanted crystals and grey powder were filtered off and the filtrate was 
concentrated to dryness. The grey compound was scraped out in nitrogen 
box. It turned green in few minutes in air (Yield 68%).
Calculated for C H N
C j 5H24N40 6B 2F8Cr 30.94 4.15 9.63 %
Found 29.89 3.49 7.71
4.2.9. Preparation of Tetrakis(2-pyridylm ethyl)ethylenediam ine
To a solution of (2-pyridylmethyl) chloride hydrochloride (25 g, 0.15 mole) in
water (50 cm 3) was added ethylenediamine (2.5 cm3).158 Over two days the
solution of NaOH (30 cm3, 8M) was added with stirring in such small portions
that the pH never exceeded 9. On the second day the colour changed from 
yellowish green to reddish orange during the addition of the NaOH solution.
The mixture was extracted with chloroform (300 cm 3). The dark red crude
181
product of tetrakis(2-pyridylmethyl)ethylenediam ine was obtained by 
evaporation of the chloroform solution. This product was recrystallised from
light petroleum (b.p 60-80°C) (200 cm3) (Yield 20%).
Calculated for C H N
C26H28N6 73.55 6.65 19.80 %
Found 72.14 6.22 20.15
4.2.10. Preparation of [Cr(tpen)0 5C12]. C2H5OH
Tetrakis(2-pyridylmethyl)ethylenediamine (0.44 g, 0.001 mole) was dissolved 
in absolute ethanol (20 cm3). To this was added chromium(II) chloride (0.2 g,
0.001 mole). A greenish yellow compound separated immediately and the 
green suspension was heated to reflux to complete the reaction. The 
compound was filtered off, washed with absolute ethanol (20 cm3) and dried
under vacuum at room temperature for four hours. It turned green in few a 
minutes in air (Yield 65%).
Calculated for C H N
^-15^20^3 ^ 2 ^ 4 35.72 3.99 8.33 %
Found 35.52 4.54 7.23
4.2.11. Preparation of N,N*-Bis-(8-quinolyl)ethylenediamine
A mixture of 8-quinolinol (75.0 g, 0.32 mole), ethylenediamine (25.0 g, 0.41 
mole), sodium pyrosulphate (98 g) and water (300 cm3) was refluxed and
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stirred for one week.159 The yellow suspension was made strongly alkaline, 
by the addion of concentrated NaOH solution (~ 5M), cooled and filtered. 
The solid was was extracted with hot 0.2M NaOH to remove sodium-8- 
quinolinolate, dried and crystallised from acetone (Yield 80%).
Calculated for C H N
^20^18^4 76.40 5.77 17.81 %
Found 74.23 5.58 17.91
4.2.12. Preparation of [Cr2Cl4(H2nni)]. 2H20
Chromium(II) chloride tetrahydrate (1.9 g, 0.009 mole) was dissolved in
absolute ethanol (50 cm5). To this was added the solution of N ,Nl-bis(8-
quinolyl)ethylenediamine (3.0 g, 0.009 mole) in acetone (100 cm 3). A red
compound separated immediately from the wine red solution which was 
heated to reflux and cooled. The red compound was filtered off, washed with 
absolute ethanol and acetone, and dried under vacuum at room temperature 
for four hours. The red compound turned green in a few minutes in air 
(Yield 72%).
Calculated for C H N
^2O ^22^4^2^4^2 40.27 3.72 9.39 %
Found 40.34 4.49 9.01
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4.2.13. Preparation of [Cr2Br4(H2nni)]. 2C2H5OH
Chromium(II) bromide hexahydrate (2.00 g, 0.006 mole) was dissolved in
absolute ethanol (50 cm3). To this was added the solution of N,N1-bis(8-
quinolyl)ethylenediamine (2.00 g, 0.006 mole) in acetone (100 cm3). A dull
green compound separated immediately, and the suspension was heated to 
boiling and allowed to cool overnight. The green compound was filtered off 
from the wine red solution and dried under vacuum at room temperature for 
four hours. It turned dark geen in a few minutes in air (Yield 68%).
Calculated for C H N
C ^ H ^ N ^ C r^ B r^  34.71 3.64 6.76 %
Found 35.45 3.85 7.60
4.2.14. P reparation of [ C r ^ f l^ n n i ) ]
Chromium(II) iodide hexahydrate (0.5 g, 0.0016 mole) was dissolved in 
absolute ethanol (50 cm3). To this was added the solution of N,N1-bis(8-
quinolyl)ethlenediamine (0.5 g, 0.001 mole) in acetone. Immediately, a 
greenish brown compound separated and the suspension was heated to 
reflux, allowed to cool, and the solid filtered off and dried under vacuum at 
room temperature for four hours. It turned green in a few minutes in air 
(Yield 66%). This product analysed as the dihydrate.
Calculated for C H N
^20^22^ 24.95 2.30 5.82 %
Found 23.63 3.15 5.85
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From the filtrate, after concentration to dryness, the dark red anhydrous 
compound was isolated.
Calculated for C H N
^ 2 0^18^4^2 38.73 2.92 9.02 %
Found 37.33 3.64 7.39
4.2.15. Preparation of [Cr2(SCN)4(H2nni)]. 2C2H5OH
To a blue ethanolic solution of chromium(II) chloride tetrahydrate (1.72 g, 
0.007 mole) KSCN (1.6 g, 0.014 mole) in water (20 cm3) was added. The 
white precipitate of KC1 was filtered off and the resulting dark blue filtrate 
mixed with N,N1-bis(8-quinolyl)ethylenediamine (2.3 g, 0.007 mole) dissolved 
in acetone (75 cm 3). The dark red compound, which separated immediately 
from the blood red solution, was filtered off, washed with absolute ethanol (20 
cm3) and diethylether (10 cm3) and dried under vacuum at room temperature 
for three hours. It turned green in a few minutes in air (Yield 80%).
Calculated for C H N
45.29 4.88 15.09 %
Found 46.26 4.03 13.00
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4.2.16. Preparation of [Cr(H2nn»)(BF4)2]. 0.5C2H5OH
Chromium(II) tetrafluoroborate tetrahydrate (2.67 g, 0.009 mole) was 
dissolved in absolute ethanol (40 cm3). To this was added the solution of
N>N1-bis(8-quinolyl)ethylenediamine (2.67 g, 0.009 mole) in acetone (100 
cm3). The red compound separated immediately from the red solution and the 
mixture was heated to reflux, allowed to cool and the solid filtered off. It was 
then washed with absolute ethanol and diethylether, and dried under vacuum 
at room temperature for four hours. It turned green in a few minutes in air 
(Yield 75%).
Calculated for C H
^21^21^4^0.5^2^8^ 44.79 3.75
Found 44.73 3.64
4.2.17. Preparation of [Cr(H2nni)(CF3S 0 3)2]. 2C2H5OH
Chromium(II) trifluoromethanesulphonate tetrahydrate (1.12 g, 0.002 mole) 
was dissolved in absolute ethanol (50 cm3). To this was added the solution of
NJM1-bis(8-quinolyl)ethylenediamine (0.85 g, 0.002 mole) in acetone (50 cm 3). 
The dark red solution obtained was heated to reflux, allowed to cool, and 
placed in the refrigerator for two days. The red compound was filtered off and 
dried under vacuum at room temperature for five hours. It turned green in a 
few minutes in air (Yield 40%).
Calculated for C H N
^ H s i A C ^ F a C r  41.3 3.99 7.40 %
Found 43.20 3.68 8.36
N
9.95 % 
9.63
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A further sample was obtained from the dark red filtrate which was 
concentrated to dryness under vacuum and the compound scraped from the 
flask in the nitrogen box (Yield 60%).
C H N
Found 40.20 3.58 7.81 %
4.2.18. Preparation of [CrCl2(bedp)]. 2H20
Anhydrous chromium(II) chloride (0.51 g, 0.004 mole) was dissolved in 
acetonitrile (40 cm3). To this was added a solution of the ligand l,4-bis(2- 
ethyl-(3,5-dimethyl-1 -pyrazolyl))piperazine (1.37 g, 0.004 mole) in acetonitrile 
(30 cm 3). The dark blue solution obtained was stirred for two hours, and left
in the refrigerator overnight. No product separated so the reaction mixture 
was concentrated to dryness under vacuum. The crystalline blue product was 
scaped out in the nitrogen box. It tuned green in a few minutes in air (Yield 
80%).
Calculated for C H N
C18H30N6CrC12* 2H2 °  44.16 7.00 17.17 %
Found 43.66 6.48 17.15
4.2.19. Preparation of [CrBr2(bedp)]
Anhydrous chromium(II) bromide (0.5 g, 0.0023 mole) was suspended in 
acetonitrile (20 cm3). To this was added a solution of l,4-bis(2-ethyl-(3,5- 
dimethyl-1 -pyrazolyl))-piperazine (bedp) ligand (1.55 g, 0.0047 mole) in
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acetonitrile (30 cm3). Immediately the colour changed from pale blue to dark 
blue. The solution was refluxed and cooled, but since no compound appeared 
it was concentrated to dryness under vacuum at room temperature. The blue, 
crystalline compound was scraped from the flask in the nitrogen box. It 
turned green in a few minutes in air (Yield 78%).
Calculated for C H N
C ig H ^ C rB r^  39.85 5.57 15.49 %
Found 39.28 5.91 15.44
4.2.20. Preparation of [Crl2(bedp)]
Anhydrous chromium(II) iodide (0.85 g, 0.0027 mole) was suspended in 
acetonitrile (30 cm 3). To this was adde a solution of ligand 1,4-bis(2-ethyl- 
(3,5-dimethyl-1-pyrazolyl))piperazine (1.83 g, 0.0055 mole) in acetonitrile (30 
cm3). Immediately, the colour changed from green to dark blue. The solution
was heated to reflux for two hours. After cooling it was left in the refrigerator 
overnight, but no solid appeared, Therefore, the reaction mixture was 
concentrated to dryness under vacuum at room temperature. The pale blue 
crystalline compound obtained was scraped out in the nitrogen box. It turned 
green in a few minutes in air (Yield 82%).
Calculated for C H N
^36^68^12^4^^2 41.62 6.59 16.18 %
Found 40.90 6.67 15.90
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4.2.21. Preparation of [Cr2(SCN)4(bedp)]. 3H20 . C2H5OH
Chromium(II) chloride tetrahydrate (1.72 g, 0.007 mole) was dissolved in 
absolute ethanol (75 cm 3). To this was added a solution of KSCN (1.61 g, 
0.014 mole) in water (20 cm3). The white precipitate of KC1 was filtered off
and the dark blue filtrate mixed with a solution of the ligand bedp (2.91 g, 
0.008 mole) in absolute ethanol. The mixture was stirred for two hours. The 
violet compound obtained from the light blue solution was filtered off, washed 
with absolute ethanol (50 cm 3), dried under vacuum at room temperature for 
six hours. It turned green in a few minutes in air (Yield 65%).
Calculated for C H N
37.59 5.52 18.26 %
Found 37.92 5.34 16.38
4.2.22. Preparation of [Cr2(BF4)4(bedp)]. C2H5OH
Chromium(II) tetrafluoroborate tetrahydrate (0.60 g, 0.002 mole) was 
dissolved in absolute ethanol (50 cm3). To this was added a solution of the
ligand bedp (1.33 g, 0.004 mole) in absolute ethanol. Immediately, some white 
solid and some blue solid appeared. The suspension was stirred for two hours, 
then refluxed for one hour. After cooling, a crystalline, pale green compound 
appeared from the blue-purple solution. The compound was filtered off,
washed with absolute ethanol (40 cm 3) and dried under vacuum at room
temperature for six hours. It turned dark green in a few minutes in air (Yield 
68%).
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Calculated for C H N
C z o ^ A C ^ F ^ C r z  29.01 4.38 10.15 %
Found 29.45 4.81 10.31
4.2.23. Preparation of [CrCI2(ddad)]
Anhydrous chromium(II) chloride 0.71 g, 0.0057 mole) was suspended in 
acetonitrile (25 cm 3). To this was added a solution of ligand 3,6-dimethyl-1,8- 
(3,5-dimethyl-1 -pyrazolyl)-3,6-diazaoctane (ddad) (1.91 g, 0.0057 mole) in 
acetonitrile (30 cm 3) and the solution was heated to reflux for two hours.
After cooling, the reaction mixture was concentrated to half volume. A small 
amount of green product was filtered off, dried and discarded because it 
contained some white impurity.
The blue filtrate was concentrated to dryness under vacuum and the blue 
crystalline compound was scraped out in the nitrogen box. It turned dark 
green in a few minutes in air (Yield 68%).
Calculated for C H N
^18^32^6(“'r^^2 47.46 7.08 18.45 %
Found 47.72 6.56 16.09
4.2.24. O ther preparative studies
Attempts to prepare the compounds listed in Table 4.1 using various 
procedures were unsuccessful since the analyses for carbon, hydrogen and 
nitrogen were unsatisfactory.
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Table 4.1 Microanalyses (%) for Unsuccessful Preparations
Product and Colour Solvent C H N
[CrCl2(dppa)] C2H5OH
Green
[CrBr2(dppa)] C2H5OH
Brown
[CrBr2(ddad)] CH3CN
Blue
[Crl2(ddad)] CH3CN
Pale blue
43.42 3.81 13.43
(62.24) (4.24) (13.62)
43.73 3.48 13.26
(41.85) (2.85) (9.15)
31.15 4.81 11.69
(39.70) (5.92) (15.43)
28.65 4.09 10.57
(33.87) (5.05) (13.16)
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4.3 R esu lts and D iscussion
4.3.1 Magnetic Properties
The variations with temperature of the atomic susceptibilities (%A) and 
effective magnetic moments (Pçff) of the complexes over the range 90-293°K 
are shown in Tables 4.2. Typical examples are plotted in Figures 4.2-4.11.
4.3.1.1 Chromium (H) Complexes of Tri(2-pyridyl)am ine
The magnetic moments of the complexes of the type [CrX2(tpam)] (where X = 
Cl, Br. SCN ; tpam = tri(2-pyridyl)amine) are well below the spin-only value 
(4.90 B.M.) and decrease markedly as the temperature is lowered. The Curie- 
Weiss law is obeyed with large negative intercepts on the temperature axis. 
The low moments and their temperature dependence can be attributed to 
antiferromagnetic interaction probably arising from halide-bridged structures.
The complexes [Cr(tpam)2]Br2. 5H20  and [Cr(tpam)I2]. 7H20  have room 
temperature magnetic moments of 5.00 and 4.84 B.M. respectively, which are 
very close to the spin-only value and do not change very much on lowering 
the temperature. The magnetic behaviour suggests that both compounds are 
magnetically-normal and high-spin and do not have polymeric bridged 
structures.
The complexes [Cr(tpam)2](CF3S 03)2. C ^ O H  and [Cr(tpam)2](BF4)2. 2H 20  
are low-spin compounds because the magnetic moments are 2.72 B.M. and 
3.09 B.M. at room temperature respectively, very close to the spin-only value 
(2.83 B.M.) expected for low-spin complexes of chromium(II) which contain
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Table 4.2 Magnetic Susceptibility Data
Chromium(II) Complexes of Tri(2pyridyl)amine
Compound
[CrCl2(tpam)]. H20
6 = 106°
diamagnetic correction 
[CrBr2(tpam)]. 3H20
6 =  110°
Diamagnetic correction
T <K) %a 1/Xa ^effYB.M.)
xlO6 xlO"1
293 8358 11.96 4.42
265 9167 10.90 4.40
230 10193 9.81 4.33
200 11291 8.85 4.25
165 12548 7.97 4.07
136 14311 6.98 3.94
105 16076 6.22 3.67
90 16869 5.92 3.48
136 c.g.s units per mole
293 8653 11.55 4.50
265 9452 10.58 4.47
230 10251 9.75 4.34
200 11483 8.70 4.28
165 12762 7.83 4.10
136 13858 7.21 3.88
105 15844 6.31 3.64
90 16072 6.22 3.40
-183 c.g.s units per mole
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Table 4.2 Continued
Compound
[Cr(tpam)(SCN)2]
e = 94°
Diamagnetic correction 
[Cr(tpam)2]Br2. 5H20
6 = 4°
Diamagnetic correction
T (K | Xa 1/%A ^eff(B.M.)
xlO6 xlO"1
293 7642 13.08 4.23
265 9094 10.99 4.39
230 9820 10.18 4.25
200 11634 8.59 4.31
165 12638 7.91 4.08
136 14495 6.89 3.97
105 16160 6.19 3.68
90 17572 5.70 3.55
-127 c.g.s units per mole
293 10710 9.33 5.00
265 12057 8.29 5.05
230 13538 7.38 4.99
200 15766 6.34 5.02
165 18314 5.46 4.91
136 22663 4.41 4.96
105 29213 3.42 4.95
90 33148 3.01 4.88
-292 c.g.s units per mole
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Table 4.2 Continued
Compound T (K) Xa 1/Xa
xlO6 xlO"1
[Crl2(tpam)]. 7H20  293
265
230
200
165
136
105
8 = go
Diamagnetic correction = -228 c.g.s
[Cr(tpam)2](CF3S 0 3)2- 293
C2H5OH 265
230
200
165
136
105
90
0 = 0°
Diamagnetic correction = -299 c.g.s
10012 9.98 4.84
10820 9.24 4.78
12620 7.92 4.81
14494 6.90 4.81
16983 5.88 4.73
20584 4.85 4.73
26052 3.83 4.67
units per mole
3158 31.66 2.72
3619 27.63 2.77
4111 24.32 2.75
4873 20.52 2.79
5870 17.00 2.78
7335 13.63 2.82
9696 10.31 2.85
11257 8.88 2.84
its per mole
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Table 4.2 Continued
Compound T ( K ) Xa
xlO6
1/%A
xlO"2
MefT(B
[Cr(tpam)2](BF4)2- 293 4090 2.44 3.09
2H20 265 4626 2.16 3.13
230 5479 1.82 3.17
200 5876 1.70 3.06
165 6818 1.46 2.99
136 8307 1.20 3.00
105 10261 0.97 2.93
90 11312 0.88 2.85
C
D II
Diamagnetic correction = -242 e.g. s units per mole
[Cr2(tpen)0 5a 4]- 293 3773 2.65 2.97
c 2h 5o h 265 4663 2.14 3.14
230 5264 1.89 3.11
200 6105 1.63 3.12
165 7293 1.37 3.10
136 8841 1.13 3.10
105 11458 0.87 3.10
90 13078 0.76 3.06
oIIOD
Diamagnetic correction =- 102 c.g.s units per mole
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Table 4.2 Continued
Compound T (K) Xa
xlO**
1/%A
xlO"2
[Cr2(H2nni)Cl4]- 293 7776 1.28 3.06
2H20 265 4669 2.14 3.14
230 5193 1.92 3.09
200 5999 1.66 3.09
165 7007 1.42 3.04
136 8365 1.19 3.01
105 10757 0.92 3.00
90 12101 0.82 2.95
C
D II
Diamagnetic correction = -234 c.g.s units per mole
[Cr2(H2nni)Br4]- 293 5568 1.79 3.61
2C2H5OH 265 6006 1.66 3.56
230 6830 1.46 3.54
200 7917 1.26 3.55
165 9331 1.07 3.50
136 11438 0.87 3.52
105 14746 0.67 3.51
90 16773 0.59 3.47
0 = 4°
Diamagnetic correction = -160 c.g.s units per mole
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Table 4.2 Continued
Compound T ( K ) Xa
xlO**
1/XA
xlO"2
[Cr2(H2nni)I4]- 293 6076 1.64 3.77
2C2H5OH 265 6687 1.49 3.76
230 7701 1.29 3.76
200 8520 1.17 3.69
165 9859 1.01 3.60
136 12095 0.82 3.62
105 14955 0.66 3.54
90 16255 0.61 3.42
8 = 22°
Diamagnetic correction = -200 c.g.s units per mole
[Cr2(H2nni)(SCN)4]- 293 4948 2.02 3.40
2C2H5OH 265 5498 1.81 3.41
230 6013 1.66 3.32
200 6891 1.45 3.31
165 7902 1.26 3.22
136 9312 1.07 3.18
105 11237 0.88 3.07
90 12665 0.78 3.01
8 =  35^
Diamagnetic correction = -150 c.g.s units per mole
198
Table 4.2 Continued
Compound
[Cr(H2nni)(BF4)2]-
l/2C2H5OH
0 = -14°
Diamagnetic correction
[Cr(H2nnO(CF3S 03)2]-
2C2H5OH
6 = 26^
Diamagnetic correction =
T <K> Xa 1/Xa Heff(B.M.)
xlO** x lO 'l
293 8136 12.29 4.36
265 9152 10.92 4.40
230 10272 9.73 4.34
200 12093 8.27 4.39
165 14158 7.06 4.32
136 17257 5.79 4.33
105 21859 4.57 4.28
90 25204 3.96 4.25
-195 c.g.s units per mole
293 4574 21.8 3.27
265 5044 19.8 3.27
230 5624 17.78 3.21
200 6524 15.33 3.23
165 7554 13.23 3.15
136 9114 10.97 3.14
105 11194 8.9 3.06
90 12534 7.98 3.00
-304 c.g.s units per mole
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Table 4.2 Continued
Compound T ( K ) %A
xlO6
1/%A
xlO4
^eff(B.M.)
[CrCl2(bedp)] 293 10121 9.88 4.86
265 11297 8.85 4.89
230 12733 7.85 4.83
200 16674 6.81 4.84
165 17269 5.79 4.77
136 20839 4.79 4.76
105 26484 3.77 4.71
90 29433 3.35 4.63
oIICD
Diamagnetic correction = -369 c.g.s units per mole
[CrBr2(bedp)] 293 7707 12.97 4.24
265 8643 11.57 4.27
230 9762 10.24 4.23
200 11253 8.88 4.24
165 13194 7.57 4.17
136 16071 6.22 4.18
105 20515 4.87 4.15
90 23498 4.25 4.11
oiiCD
Diamagnetic correction = -364 c.g.s units per mole
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Table 4. Continued
Compound
[Crl2(bedp)1 5]- 
6H20
e = -io°
Diamagnetic correction
[Cr2(SCN)4(bedp)]- 
C2H5OH. 2H20
8 = 30°
Diamagnetic correction =
T ( K ) Xa
xlO6
1/XA
xlO"1
f^effCI
293 8837 11.31 4.55
265 9640 10.37 4.52
230 11173 8.95 4.53
200 12738 7.85 4.51
165 14876 6.72 4.43
136 17911 5.58 4.41
105 22751 4.39 4.37
90 25880 3.86 4.31
-556 c.g.s units per mole
293 6834 14.63 4.00
265 7547 13.25 3.99
230 8592 11.63 3.97
200 9719 10.28 3.94
165 11112 8.99 3.82
136 13218 7.56 3.74
105 16393 6.10 3.71
90 18432 5.42 3.64
178 c.g.s units per mole
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Table 4.2 Continued
Compound T(K ) xA 1/%A
xlO^ xlO"^
[C rzfB F^bedp)]- 293
C2H5OH 265
230
200
165
136
105
90
6 = 40°
Diamagnetic correction = -162 c.g.s
[CrCl2(ddad)] 293
265
230
200
165
136
105
90
8=4°
Diamagnetic correction = -348 c.g.s
9338 10.70 4.67
10364 9.64 4.68
11650 8.58 4.62
13286 7.52 4.60
15378 6.50 4.50
18147 5.51 4.44
22180 4.50 4.31
24380 4.10 4.18
its per mole
8075 12.38 4.34
8864 11.28 4.33
10080 9.92 4.30
11640 8.59 4.31
13835 7.22 4.27
16882 5.92 4.28
21825 4.58 4.28
24982 4.00 4.24
units per mole
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Figure 4.7
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Figure 4.10
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Figure 4.11
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Figure 4.12
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two unpaired electrons. It is likely that the tpam molecules are terdentate in 
these complexes although in this case it is surprising that the bromide is high- 
spin.
4.3.1.2 Complex of Tetrakis(2-pyridylmethyl)ethylenediamine
The magnetic moment (Figure 4.9) of the complex [Cr2(tpen)0 5C14]. C ^ O H  
shows that it is[low-spin compound because the value of 2.97 B.M. at room 
temperature is slightly higher than the low-spin, spin-only moment of 2.83 
B.M. The magnitude of the moment correlates well with those of previously 
reported171 tris(bipy)chromium(II) complexes which have moments in the
range 2.74-3.40 B.M. However, it is difficult to see what the structure is and 
further investigations with this and related ligands are necessary.
4.3.1.3 Complexes of N^NCbisCS-quinolyOethylenediamine
The magnetic moments of the complexes [ C r ^ ^ n n 1)^]. C2H5OH, 
[Cr2(H2nni)(SCN4)]. 2C2HsOH, [C rfH ^niX C FsSO ^]. 2C2H^OH and
[Cr(H2nn1)(BF4)2]. 0.5C2H^OH are well below the spin-only value (4.90 B.M.)
fhe
and decrease markedly as/temperature is lowered. The Curie-Weiss law is 
obeyed with negative intercepts on the temperature axis. The low moments 
and their temperature dependence may be due to antiferromagnetic 
interaction, but no compounds containing metal-to-ligand ratios of 2:1 have 
been isolated with other bivalent metals and structure assignment is difficult.
The complexes [ C r ^ n n O C y .  2C2H5OH and [Cr2(H2nni)Br4]. 2C2H5OH are 
low-spin because the magnetic moments are 3.09 B.M. and 3.61 B.M. at room 
temperature respectively, close to the expected spin-only value.
213
4.3.1.4 Chromium(II) Complexes of Pyrazolyl-substituted Ligands
The magnetic moment of the compound [CrCl2(ddad)] at room temperature is 
4.34 B.M. and it does not vary significantly with temperature. It appears that 
the compound is a magnetically-dilute octahedral mononuclear chromium(II) 
complex but the reason for the slightly low moment is not known.
The magnetic moments of the complexes [CrX2(bedp)] (where X = Cl, Br,I, 
SCN, BF4; bedp = l,4-bis(2-ethyl-(3,5dimethyl-l-pyrazolyl))-piperazine are 
well below the spin-only value (4.90 B.M.) and decrease markedly as the 
temperature is lowered. The Curie-Weiss law is obeyed with negative 
intercepts on the temperature axis. The low moments and their temperature 
dependence can be attributed to antiferromagnetic interaction.
4 .3 .2  Infrared and Far Infrared Spectra
4.3.2.1 Chromium(II) Complexes of Tri(2-pyridyl)amine
Detailed spectra of the tri(2-pyridyl)amine complexes in the region 4000-600 
cm-1 have not been given because they just show bands due to the organic 
ligands. Far infrared spectra of [CrCl2(tpam)]. H20  and [CrBr2(tpam)]. 3H20
show bands at 300 and 260 cm-1 which are assigned to u(Cr— X) for chloro
and bromo complexes respectively. However, the u(Cr— I) stretching bands
were not observed because they are out of the range of the 
spectrophotometer. The complex [Cr(tpam)2]Br2. 5H20  which contains two
molecules of the ligand tpam did not show the u(Cr— Br) band which shows
that there is no coordination of bromide.
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The i.r. spectrum of [Cr(tpam)(SCN)2] indicates the presence of N-bonded 
thiocyanate because there is an intense absorption band at 2060 cm '1. For 
comparison, the polymeric octahedral complex [Cu(py)2 (NCS)2], the structure 
of which has been established by X-ray crystallographic studies,172 has a band 
at 2085 cm"1. The band of the chromium complex at 360 cm '1 is assigned to 
i)(Cr— N).
The i.r. spectrum  of the complex [Cr(tpam )2](CF3S 03)2 in which 
trifluoromethanesulphonate is probably a non- or weakely-coordinating anion 
shows peaks due to the anion at 1260, 1245, 1230 and 640 c m 1.
4.3.2.2 Complexes of -bis(8-quinolyl)ethylenediamine
The infrared spectra of N,N^-bis(8-quinolyl)ethylenediamine and its chromium
complexes display the same overall pattern. However, the metal-chelate bond 
formation results in small but significant shifts in frequencies.
2800-4000 cm '1 range :
The stretching mode of the NH group, present at 3390 cm '1 for H2nni, shifts to 
the lower values of 3320 cm '1 for [Cr2(H2nn1)Cl4]. 2H20  and 3280 cm '1 for 
[Cr2(H2nni)Br4]. 2C2H3OH, thus proving coordination of the amine group. A 
broad band centred at 3400 cm '1 in the spectra of the chloro and bromo 
complexes corresponds to the OH stretch of water or ethanol molecules.
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1550-1650 c m 1 region :
Two bands at 1612 and 1578 cm '1, of relative intensity 1:3, are exhibited by
H2nn1. These bands arise from weakly coupled stretching vibrations of the 
C=C and O N  bonds of the aromatic rings, and the deformation mode of the 
NH group.173 On coordination, the band at 1612 cm '1 moves to 1585 cm '1, 
and 1578 cm '1 to 1512 cm '1, respectively, for [G ^ O ^ n n ^C y . 2H20  and 
[Cr2(H2n n i)B rJ . 2 C 2H5OH, bu t fo r [Cr2(H2n n % ]. 2C 2H5OH, 
[Cr2(H2nni)(SC N y. 2C2H5OH, [Cr(H2nn^(BF^)2]. l /2 C 2H5OH and 
[Cr(H2nn1)(CF3S03)2]. 2C2H3OH the band at 1612 cm '1 moves to 1590 c m 1,
like the corresponding cobalt complexes. This is attributed to the partial loss 
of coupling between 8(NH) and the aromatic ring vibrations.
1330-1400 cm"1 region :
A medium band at 1345 cm"1 in the spectrum of H2nn^, corresponding to a
C— N stretching vibration, is shifted to 1340 cm"1 for [Cr2(H2nn i)C y . 2H20,
[Cr2(H2n n i)B y . 2 C 2HgOH, [C r2(H2nni)(SC N y. 2 C 2H5OH, and 
[Cr(H2nn1)(CF3S 03)2]. 2C2H5OH but for [Cr(H2nn1)(BF4)2]. 0.5C2H5OH it 
moves to 1335 cm '1 and for [Cr2(H2nni)I4]. 2C2H5OH to 1348 c m 1.
940-980 c m '1 region :
A medium-to-strong band at 910 cm '1 for [Cr2X4(H2nn^)] (X = Cl, Br), for 
[Cr2(H2nni)I4] at 935 c m 1, and for (C r(H 2nn1)(CF3S 0 3)2] and
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[Cr(H2nn1)(BF4)2] at 915 cm '1, corresponds to the deformation mode of the 
coordinated NH group which for the H2nn  ^ligand is at 940 cm"1.
600-200 cm"1 region :
For [Cr2(H2nni)Cl4] and [Cr2(H2nn1)Br4] bands at 320 cm '1 and 275 cm 1 
correspond to the D(Cr-Cl) and D(Cr-Br) stretching vibrations. A C r-N  
stretching vibration for [Cr2(H2nn^)Cl4] occurs at 360 cm"1, for [Cr2(H2nn^)Br4] 
at 340 cm"1, and for [Cr(H2nni)(CF3S03)2] and [Cr(H2nni)(BF4)2] at 350 cm '1. 
For [Cr2(H2nn1)(SCN)4] band at 2050 cm"1 corresponds to the (Cr-NCS) 
stretching vibration. In the spectrum of [Cr(H2nn^)(CF3S 0 3)2] a band at 1035 
cm'1 corresponds to the C -F  stretching vibration and the bands at 1275, 1246 
and 1225 cm"1 to the intense S 0 3 stretches.
4.4.1 Diffuse Reflectance Spectra
The diffuse reflectance spectra of the compounds recorded over the range 
2000 to 350 nm are listed in Table 4.3 and examples of typical spectra are 
illustrated in Figures 4.16-4.20.
The complexes of tpam and H ^ n 1 mainly show very broad bands near 13000
cm"1 and 12000 cm"1 respectively. The position and breadth of the bands
suggest that the chromium(II) is mainly coordinated to nitrogen-donors in a 
distorted environment.
In addition, some of the complexes also show medium intensity bands near 
27,000 cm-1 which may be due to internal ligand transitions.
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Table 4.3 Bands in the Diffuse Reflectance Spectra of Nitrogen-Donor 
Complexes
Compound Band position in cm '1 (nm)
[Cr(tpam)Cl2]
Green
[Cr(tpam)Br2]
Green
[Cr(tpam)(SCN)2] 
Yellowish brown 
[Cr(tpam)I2]. 7H20  
[Cr(tpam)2]- 
(CF3S03)2. C2H^OH 
Blue
[Cr(tpam)2](BF4)2
Grey
[Cr2(H2nni)Cl4]. 2H20  
Red
[Cr2(H2nnJBr4]-
2C2H5OH
Green
[Cr2(H2nni)I4]- 
2C2H5OH 
Greenish brown 
[Cr2(H2nni)(SCN)4]- 
2C2H5OH
13333(750)br
13157(760)br
13157(760)br
27777(360)m
11628(860)br 17241 (480)m 27027(370)m
12345(810)br 17543(520)m 23800(420)m
13157(760)br 14700(680) 23800(420)m
12050(830)br
11765(850)br
11765(850)br
11765(850)br
Red
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Table 4.3 Continued
Compound Band position in cm"1 (nm)
[Cr(H2 nn1)(CF3 S0 3 )2]- 11765(850)br
2C2H5OH
Red
[Cr(H2nn1)(BF4)2]- 11976(835)br
l/2C2H5OH
Red
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CHAPTER FIVE
Chromium(II) Complexes 
of Tetiary Diphos phine 
Ligands
5 .1  In tro d u ctio n
In inorganic chemistry there are few areas in which research activity is as great 
as the study of transition-metal complexes of phosphorus-donor ligands.174" 
175 The large atomic radii and the relatively electropositive nature of the low- 
valent early transition elements suggest that electron-donating phosphines 
should serve as good ligating groups176 and behave as chelating agents
which form a variety of metal complexes.177' 182
Ditertiary phosphines are often employed as chelating ligands in transition 
metal complexes, and it has been shown that useful changes in the properties 
of such complexes can be achieved by varying the organic substitutions on
the phosphorus atom .183 Thus, for example, it has been found that ligands 
with saturated alkyl substituents yield complexes with significantly different 
properties (stability, range of accessible oxidation states etc. ) from those 
containing un saturated aromatic groups.184
Hao et al185 prepared a diphenylphosphinomethanide chromium(II) complex 
[Cr{Ph2PC(H)PPh2}2] (n-Cl) [uC(H)(PPh2)2][Cr{Ph2PC(H)PPh2}] by the 
reaction of lithium bis(diphenylphosphino)methanide with CrCl2(thf)2 at room 
temperature in solvent thf to afford clear solutions from which large blue 
crystals of the dinuclear complex were obtained. The crystal structure 
consists of one penta- and one tetra-coordinated chromium atom. The 
distorted square-pyramidal geometry of one chromium atom is determined by 
the four phosphorus atoms of two [Ph2PC(H)PPh2] ligands which bind the 
basal plane. The bond distances compare well with those of other Cr11 
phosphine complexes and the chlorine atom at the apical site of the square-
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pyramidal chromium atom is shared with the second square-planar chromium 
atom. The other three coordination sites of the second chromium atom are 
occupied by the phosphorus atoms of one Ph2PC(H)PPh2 moiety and by the 
carbon atom of one of the two phosphine ligands which chelate the first 
chromium atom.
Ellermann et a l186 investigated polymers of chromium(II) prepared by the 
re a c tio n  o f 1 ,2-b is (d ip h e n y lp h o sp h in o )  e th an e  (dppe) and 
tetramethyldiphosphine with [CrCl2(MeCN)2] or CrCl2 according to Scheme
5.1.
Scheme 5.1
[CrCl2(dppe)]n<— I------- [CiCl2(MeCN)2] U >[CrCI2(dppe)0 5(Me2CO)n
light blue blue violet
MeCN
[CrCl2(dppe)0 5(MeCN)2]2
in solution
CrCl2 III -> [CrCl2(Me2PPMe2)]n
dark brown
where I = molten dppe, ca. 150°C, II=dppe, EtOH/Me2CO
III = Me2PPMe2
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Hermes and Girolami,176 by reaction of chromium(II) halides with the chelating 
phosphine 1,2 -b is(d iisopropylphosphino)ethane (d ippe), ob tained  
coordinately unsaturated dimers of the type [CrX2(dippe)]n (X = Cl or Br). 
Two square-planar chromium centres are held in pairs by weak asymmetric 
chloride bridges to form a distorted square-pyramidal environment with the 
chromium. The unsaturated species are used as starting materials for the 
preparation of low valent organometallic complexes of the early first row
metals.176’187 The complexes are soluble in acetonitrile and the magnetic 
moment of 5.0 B.M. in acetonitrile is consistent with the presence of a high 
spin d4 metal centre. Recrystallisation of [CrBr2(dippe)]^ from acetonitrile
yields blue prisms of the adduct CrBr2(dippe). CH3CN.176
Redshaw et a l188 determined the X-ray crystal structures of MCl2(diphos)2
(M = V,189 Cr190 and Fe191), isolating the compounds of chromium(II) with 1,2-
(H2P)2C6H4 and 1,2-(R1R2P)2C6H4 (R1 = H, R2 = C3lH7; R lR2 = Me) from 
toluene by reacting CrCl2. thf with the phosphine ligands in stoichiometric 
amounts of 1:2. The metal atom lies on a centre of symmetry. The structures 
are trans-octahedral, analogous to those previously determined for the related
l,2-bis(dimethylphosphino)ethane (dmpe) complexes179’189 of titanium, 
vanadium, and chromium.
W illiam s et a l192 in v es tig a ted  the s truc tu res  o f b is ( l  ,2- 
d ip h en y lp h o sp h in o e th e n e )n ick e l(II)  d in itra te  and b is (c is - l  ,2- 
diphenylphophinoethene)nickel(II) diperchlorate isolated from mixing 
ethanolic solutions of N i(N 03)2. 6H20  and the ligand in stoichiometric ratio 
1:2. They found that in both compounds the Ni atom lies at a centre of 
symmetry and is coordinated by two bidentate ligands in a plane. They also
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reported193 the  s tru c tu re  o f b is ( a c e to n i t r i le ) b is ( c i s - 1,2- 
diphenylphosphinoethene)iron(II) diperchlorate isolated from a solution of 
cis-1,2-bis(diphenylphosphino)ethene and Fe(C104)2. 6H20  in acetonitrile. 
They found that the cation has pseudooctahedral coordination with the Fe 
and four P atoms in a plane with the acetonitrile ligands bound perpendicular 
to the plane. The Fe atom is in the low-spin state. This compound was 
c o m p a r e d  w i t h  t h a t  o f  t he  r e l a t e d  c o m p o u n d
[Fe{(C6H5)2PCHCHP(C6H5)2}2Cl2]194 which shows a high-spin to a low-spin 
phase transition at low temperature.
Transition metal ions with electronic configurations d4, d5, d6 or d7 can exist 
either in the high-spin or in the low-spin ground state depending on the 
strength A of the octahedral ligand field relative to the spin pairing energy P.
Weak field ligands (A < P) produce high-spin chromium(II) (3d4) complexes (S 
= 2) with four unpaired electrons (5Eg ground term) and strong field ligands (A 
> P) low-spin complexes (S = 1) with two unpaired electrons (3Tlg ground 
term). Examples of the two classes of complexes are [Cr(en)3]X2 (en = 
ethylenediamine) and [Cr(2,2i-bipyridyl)3]X2, for which the essentially 
temperature-independent effective magnetic moments are respectively 4.8 and
2.9 B.M .1 If suitable ligands can be used, the ligand field will be at a critical 
value (A ~ P) so that the high-spin and low-spin configurations are similar in 
energy. If the difference in energy between the two configurations is 
comparable with thermal energy a temperature-dependent equilibrium 
between the two forms will exist, and on cooling there will be a spin state 
transition from the high-spin to the low-spin configuration .
Spin state transitions for the d5,d^ and d 7 configurations are well know n,195'
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198 but the first for the d4 configuration was recently established by Halepoto 
et al who prepared ditertiary phosphine complexes of chromium(II) of the type 
[CfK^Cdmpey, X = Br or I; dmpe = bis(l ,2-dimethylphosphino)ethane, 
[CrX2(depe)2 ] , % = Cl, Br or I; depe = bis(l,2-diethylphosphino)ethane, by 
the reaction of hydrated or anhydrous CrX2, X = Cl, Br or I, with the ligand in 
methanol. The magnetic moment data (Table 5.1) show that all the complexes 
except [Crl2(depe)2] are low-spin.
Table 5.1 Effective magnetic moments at 295 and 90 K.
Complex 295 K 90 K
^eff B.M. ^eff B.M.
[CrBr2(dmpe)2] 2.92 2.82
[Crl2(dmpe)2] 3.04 2.93
[CrCl2(depe)2] 2.83 2.83
[CrBr2(depe)2] 3.30 3.02
[Crl2(depe)2] 4.84a 2.85
4.8?b 2.82a
a = From hydrated Crl2 in methanol, b = From anhydrous Crl2 in methanol.
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The iodo-complex [C r^ d ep e ^ ] shows a sharp spin crossover between 165 
and 175 K (Figure 5.1). From experimental data, and by assuming temperature 
independent magnetic moments of 4.85 and 2.90 B.M. for the high-spin and 
low-spin states, the transition temperature, when both are present in equal 
concentrations, is ca. 171 K.
X-ray studies showed that [Crl2(depe)2] has the trans-configuration with Cr-I 
bond distances of 3.068(0) À and Cr-P distances 2.503(1) and 2.533(1) Â. 
The Cr-P distances are ca. 0.15 Â longer than those reported (2.365-2.375 Â) 
for the low-spin analogue [CrCl2(dmpe)2]180 as might be expected.
5.2 AIM OF WORK
The aim of this work was to prepare some new complexes of chromium(II) 
halides with the ditertiary phosphines 1,2-bis(diphenylphosphino)benzene 
(dppb) ,  1 , 3 - b i s ( d i p h e n y l p h o s p h i n o )p r o p a n e  (dppp)  1,2- 
bis(diphenylphosphino)ethene (dppen), and 1,2-bis(diethylphosphino)ethane 
(depe), which might be suitable ligands to produce further complexes 
exhibiting spin crossover.
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Figure 5.1 Variation with absolute temperature of effective magnetic 
moment, cooling (•), heating (o), of [Crl2(depe)4
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5.3 Experimental
All operations were carried out under nitrogen as described in Chapter 2.
53.1. Bis[l,2-bis(diphenylphosphmo)benzene]dichlorochromium(II)
Anhydrous chromium(II) chloride (0.07g, 0.0005 mole) was dissolved in 
methanol (40 cm3). To the resulting blue solution a solution of dppb (0.50 g, 
0.001 mole) in toluene (40 cm 3) was added. A brown precipitate appeared 
and the suspension was heated under reflux for ca. one hour. After cooling, 
the brown compound was filtered off, washed with methanol (30 cm3) and
dried under vacuum for six hours. It turned green in five minutes in air (Yield 
70%).
Calculated for C H
C^H^P^CrCl^ 70.92 4.76
Found 70.93 4.99
5.3.2. 1 ?2-Bis(diphenylphosphino)benzenetetrabromodichromium(II)
Anhydrous chromium(II) bromide (0.118 g, 0.0005 mole) was suspended in 
toluene (20 cm3). To this was added a solution of dppb (0.5 g , 0.001 Imole) in 
toluene (40 cm3). A green compound appeared immediately from the brown 
solution, which was stirred for about two hours. The suspension was heated 
to reflux for one hour. After cooling, the green compound was filtered off, 
washed with toluene (30 cm3) and dried under vacuum for six hours. It 
turned blue in a few minutes in air (Yield 67%).
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Calculated for
^'30^24^>2^r2®r4
Found
C
41.39
40.57
H
2.78
3.22
5.3.3. l,2-Bis(diphenylphosphmo)benzenetetraiododichrommm(II)
Anhydrous chromium(II) iodide (0.17 g, 0.0005 mole) was suspended in 
toluene (30 cm3). To this was added a solution of dppb (0.5 g, 0.0011 mole) in 
toluene (20 cm3) . Immediately a brown compound appeared from the bright 
green solution. The suspension was heated for one hour. After cooling, the 
brown compound was filtered off, washed with toluene (30 cm3) and dried
under vacuum at room temperature for six hours. It turned green in a few 
minutes in air (Yield 75%).
Calculated for C H
^30^24^2^*2^4 34.05 2.28
Found 34.16 3.23
5.3.4. 1 ^ -Bis(diphenylphosphino)propanedibromochromium(n)
Dibromobis(acetonitrile)chromium(II) (0.71 g, 0.0024 mole) was suspended in 
toluene (20 cm3). To this was added a solution of the ligand dppp (1.99 g, 
0.0048 mole) in toluene (20 cm3). The reaction mixture was stirred for four 
hours, heated to reflux for thirty minutes, and stirred for a further two hours. 
The pale green compound which appeared from the green solution was 
filtered off, washed with toluene (20 cm3), and dried under vacuum at room
temperature for ten hours. It turned yellow in a few minutes in air (Yield 
80%).
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Calculated for
^'27^26^2^® r2 
Found
C
51.92
51.76
H
4.19
4.34
5.3.5. 1 ^ -Bis(diphenylphosphino)propanediiodochromium(II)
Anhydrous chromium(II) iodide (0.88 g, 0.0028 mole) was suspended in 
toluene (40 cm3). To this was added the solution of dppp (2.37 g, 0.0057 
mole) in toluene (50 cm 3). A green compound separated from the green 
solution which was stirred for about two hours. The suspension was refluxed 
for one hour, then stirred again for four hours. The green compound was 
filtered from the light brown solution, washed with toluene (30 cm 3) and dried
under vacuum at room temperature for ten hours. It turned yellow in a few 
minutes in air (Yield 75%). From analyses, 1.5 molecules of diphosphine are 
present for each chromium.
Calculated for C H
^40.5^39^3^2 52.61 4.25
Found 51.82 4.50
5.3.6. 1 ^ -Bis(diphenylphosphino)propanetetrakis- 
tetrafluoroboratedichromium(II) dihydrate
Chromium(II) tetrafluoroborate tetrahydrate (1.288 g, 0.0043 mole) was 
dissolved in methanol (20 cm3). To this was added a solution of dppp (3.57 g, 
0.0086 mole) in toluene (30 cm3). A light green compound appeared from the 
light brown solution. The suspension was heated under reflux for one hour,
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then stirred for two hours. The green compound was filtered off, washed 
with methanol (20 cm3) and dried under vacuum at room temperature for 
seven hours. It turned yellow in a few minutes in air (Yield 70%).
Calculated for C H
^27^26^2^213 jF} ^  36.04 3.36
Found 36.87 4.20
5.3.7. Bis[l^-bis(diphenylphosphino)ethene]dichlorochromium(II)
Anhydrous chromium(II) chloride (0.20 g, 0.0016 mole) was suspended in
toluene (30 cm3). To this was added a solution of dppen (1.29 g, 0.0032 mole)
in toluene (20 cm3). The reaction mixture was refluxed for one hour, and
stirred for two hours. The brown compound which appeared from the pale 
green solution was filtered off, washed with toluene and dried under vacuum 
at room temperature for eight hours. The brown compound turned green in a 
few minutes in air (Yield 80%).
Calculated for C H
^52^48^4^^2 66.58 5.37
Found 66.20 5.50
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5.3.8. 192-Bis(diphenylphosphino)ethenetetrabromodichromium(II)
Anhydrous chromium(II) bromide (0.75 g, 0.0035 mole) was suspended in 
toluene. To this was added a solution of dppen (2.76 g, 0.0098 mole) in
toluene (30 cm 3). The reaction mixture was refluxed for one hour and then
stirred for two hours. The green compound which appeared from the light
brown solution was filtered off, washed with toluene (30 cm3) and dried under
vacuum at room temperature for ten hours. It turned blue in air in a few 
minutes (Yield 70%).
Calculated for C H
^26^22^2^'r2'^r4* 36.46 3.05
Found 36.90 3.11
5.3.9. 1 r2-Bis(diphenylphosphino)ethenediiodochromium(n)
Anhydrous chromium(II) iodide (0.65 g, 0.0021 mole) was suspended in 
toluene (30 cm3). To this was added a solution of dppen (1.68 g, 0.0042 mole)
in toluene (20 cm3). A yellowish green compound appeared from the light 
brown solution, and the suspension was stirred for two hours and then 
refluxed for two hours. After cooling the yellowish green compound was
filtered off, washed with toluene (20 cm 3) and dried under vacuum at room 
temperature for ten hours. It turned brown in a few minutes in air (Yield 70%).
Calculated for C H
^26^22^2^r 2^ 44.46 3.15
Found 44.25 3.40
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washed with absolute ethanol (25 cm 3) and dried under vacuum for four 
hours. It became brown in air in ten minutes (Yield 70%).
Calculated for C H N
^22^48^2^2^4^r- 44.13 8.41 4.68
Found 42.88 7.90 4.60
5.3.11 -B. 1 ^ -Bis(diethylphosphino) ethanedithiocyanatochromium(II)
The filtrate from the above preparation was left undisturbed for few weeks. A 
red crystalline product appeared which was filtered off and dried under 
vacuum at room temperature for four hours.
Calculated for C H N
C 12^24^2^2^2^r 38.50 6.46 7.48
Found 40.62 7.04 7.65
5.3.12. Other preparative studies
Attempts to prepare the compounds listed in Table 5.2 using various solvents 
and procedures were unsuccessful since the microanalyses for carbon, 
hydrogen and nitrogen which are given in the Table are unsatisfactory.
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Table 5.2 Microanalyses( % ) for Unsuccessful Preparations
Product and Colour Solvent C H N
[Cr(dppb)2Br2] Toluene 70.45 5.83
Brown 65.21) (4.37)
[CrCl2(dppp)2] Toluene 14.71 3.27
Light green (60.55) (4.89)
[Cr(CH3 CN)2(dppp)2]Cl2 Toluene 18.91 2.41 4.5
Light green (67.62) (5.67) (2.7)
[Cr(thf)2(dppp)Cl2] Toluene 24.64 2.67
White (61.84) (6.22)
[CrCl2(dppp)2] Methanol/- 31.15 4.51
Green Toluene (60.55) (4.89)
Calculated values are in parentheses.
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5 .4  R esu lts and D iscussion
5.4.1 Preparations and Magnetic Properties of Complexes
The first clear example of spin-crossover in a chromium(II) complex bis[ 1,2-
d î t C r é c  o tA V O r V t  'O C W  C H  J
bis(diethylphosphino)ethane]Awas found by Halepoto et al. The compound 
was characterized by magnetic measurements, and spectroscopic and X-ray 
crystal studies. The aim of the present work was to prepare other tertiary 
diphosphine complexes which might show spin-crossover. Attempts were 
made to prepare complexes with the same phosphine depe but with different 
axial ligands. The complexes [Cr(SCN)2(depe)2]. H20 , [Cr(SCN)2(depe)] and 
[Cr(MeCN)(depe)2](BPh4)2 were obtained. Complex formation between 
chromium(II) chloride, bromide, iodide, thiocyanate and tetrafluoroborate, and 
the tertiary diphosphines dppb, dppp and dppen was investigated 
preparatively as described in the previous Section. Unfortunately, no series 
[CrX2(diphosphine)2] where X is Cl, Br or I, was obtained, only [CrCl2(dppb)2] 
and [CrCl2(dppen)2].
The other products, from their formulations, appear to be polymeric, as has 
been found previously with complexes of CrCl2 and dppe or M e2PPMe2 (see 
Section 5.1). It may be that compared with depe and dmpe the poorer donor 
properties of dppb, dppp and dppen due to the phenyl substituents lead to 
their failure to form mononuclear, easily chracterised chromium(II) complexes. 
The poor solubility of the phenyl-substituted phosphines also caused 
preparative problems.
Magnetic data for all the tertiary diphosphine complexes of chromium(II) are 
included in Table 5.3. The variations of magnetic moment and reciprocal 
susceptibility with temperature are displayed in Figures 5.2-5.7.
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The complexes [CrCl2(dppb)2] , [CrCl2(dppen)2], [Cr(depe)2](BPh4)2. MeCN, 
[Cr(SCN)2(depe)2] . H20  and [Cr(SCN)2(depe)] are low-spin with magnetic 
moments at room temperature ranging between 2.29-3.24 B.M. , near to the 
spin-only value of 2.83 B.M. expected for two unpaired electrons.
The complexes [CrBr2(dppp)], [Crl2(dppen)], [Crl2(dppp )^] are high-spin 
with magnetic moments at room temperature ranging between 4.61-4.83 B.M. 
which are almost invariant over the temperature range studied.
Some complexes have been given the dichromium formula because then one 
molecule of the diphosphine ligand is shown.
The com plexes [C r^ B F ^ d p p p ) ] .  2H20  and [Cr2Br4(dppen)] are 
antiferromagnetic compounds with magnetic moments at room temperature 
of 4.65 and 4.00 B.M. respectively, which are below the spin-only value (4.90 
B.M.) and decrease further as the temperature is lowered. The complex 
[Cr2Br4(dppb)] exhibits still lower magnetic moments at room temperature 
(3.45 B.M.) and below presumably due to stronger antiferromagnetic 
interaction. The complex [Crl(dppb)] surprisingly behaves as a low-spin 
compound.
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Table 5 3  Magnetic Susceptibility Data of Tertiary Diphosphine
Complexes of Chromium(II)
Compound T(°K) XA x/Xa Meff
xlO6 xlO"2 (B.M.)
[CrCl2(dppb)2] 293 3229 3.09 2.75
265 3614 2.76 2.76
230 4167 2.39 2.76
200 4797 2.08 2.76
165 5736 1.74 2.75
136 7022 1.42 2.76
105 8835 1.13 2.72
oOIIœ» 90 10378 0.96 2.73
Diamagnetic correction = -361 e.g.s. units per mole
[Cr2Br4(dppb)] 293 5088 1.96 3.45
265 5543 1.80 3.42
230 6109 1.63 3.35
200 6709 1.49 3.27
165 7537 1.32 3.15
136 8607 1.16 3.05
105 10049 0.99 2.90
8 =  85o 90 11153 0.89 2.83
Diamagnetic correction = -141 e.g.s units per mole
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Table 5.3 Continued
Compound T(°K ) %A
xlO^
1/XA
10’2
M F
(B.M.)
[Cr2I4(dppb)] 293 4303 2.32 3.17
265 4789 2.08 3.18
230 5362 1.84 3.14
200 6144 1.62 3.13
165 7308 1.36 3.10
136 8888 1.12 3.10
105 12136 0.82 3.19
<x> II o o 90 14655 0.68 3.24
Diamagnetic correction = -169 e.g.s units per mole
[CrBr2(dppp)] 293 9101 1.09 4.61
265 10416 0.96 4.69
230 11858 0.84 4.67
200 13748 0.72 4.68
165 16323 0.61 4.64
136 20039 0.49 4.66
105 25699 0.38 4.64
C
D II O o 90 28639 0.34 4.54
Diamagnetic correction = -227 c.g.s units per mole
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Table 5.3 Continued
Compound
[Crl2(dppp)j_5] 
e = -4°
Diamagnetic correction 
[Cr2(BF4 )4(dppp)]. 2H2(
0 =  36°
Diamagnetic crrection =
T (°K ) Xa 1/Xa 0eff
xlO6 xlO'1 (BJM.)
293 8715 11.47 4.51
265 9819 10.18 4.54
230 11324 8.83 4.56
200 13062 7.65 4.57
165 15662 6.38 4.54
136 19383 5.15 4.59
105 25577 3.90 4.63
90 29707 3.36 4.62
;.s units per mole
293 9259 10.80 4.65
265 10191 9.81 4.64
230 11558 8.65 4.61
200 12936 7.73 4.54
165 15072 6.63 4.45
136 17822 5.61 4.40
105 21887 4.56 4.28
90 24371 4.10 4.18
. units per mole
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Table 5.3 Continued
Compound T(°K ) Xa
xlO^
1/XA
xlO"1 (B.M.)
[CrCl2(dppen)2] 293 3607 27.72 2.90
265 4028 24.82 2.92
230 4449 22.47 2.86
200 5169 19.34 2.85
165 6155 16.24 2.84
136 7620 13.12 2.87
105 9715 10.29 2.85
0 = 4° 90 11115 8.99 2.82
Diamagnetic correction = -404 c.g.s units per mole
[Cr2Br4(dppen)] 293 6845 14.60 4.00
265 7520 13.99 3.99
230 8477 11.79 3.94
200 9533 10.48 3.90
165 10828 9.23 3.78
136 12617 7.92 3.70
105 15082 6.63 3.55
0 =  50° 90 16534 6.04 3.44
Diamagnetic correction = -133 c.g.s units per mole
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Table 5.3 Continued
Compound T(°K ) Xa 1/XA Peff
xlO** xlO"1 (B.M.)
[Crl2(dppen)] 293 9983 10.01 4.83
265 11047 9.05 4.83
230 12446 8.03 4.78
200 14337 6.97 4.78
165 17331 5.77 4.78
136 21291 4.69 4.81
105 27437 3.64 4.80
oOII<x> 90 31830 3.14 4.78
Diamagnetic correction = -232 c.g.s units per mole
[Cr(MeCN)(depe)2](BPh4)2 293 2248 44.4 2.29
265 2568 38.9 2.33
230 2888 34.6 2.30
200 3672 27.2 2.42
165 4543 22.01 2.44
136 5647 17.7 2.47
105 7797 12.8 2.55
6 = -30° 90 8930 11.2 2.53
Diamagnetic correction = -535 c.g.s units per mole
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Table 5.3 Continued
Compound T(°K)
% A
xlO^
Meff 
x !0 “2 (B.M.)
[Cr(SCN)2(depe)2]. H20 293 4526 2.22 3.24
265 5106 1.95 3.28
230 5806 1.72 3.26
200 6636 1.50 3.25
165 7937 1.25 3.23
136 9295 1.04 3.23
105 12399 0.80 3.22
IICD 90 14172 0.70 3.19
Diamagnetic correction = -430 c.g.s units per mole
[Cr(SCN)2(depe)] 293 4447 2.24 3.22
265 5008 1.99 3.25
230 5510 1.81 3.18
200 6484 1.54 3.22
165 7805 1.28 3.20
136 9540 1.04 3.22
105 12602 0.79 3.25
oOIICD 90 14595 0.68 3.24
Diamagnetic correction = -234 c.g.s units per mole
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5.4.2 Infrared Spectra
The intense bands observed in the i.r. spectra of [Cr(SCN)2(depe)2] .H 20  and 
[Cr(SCN)2(depe)] at 2050 cm '1 and 2060 cm"1 respectively are due to the
C—N stretching vibration. The band due to a C—N stretch is usually a very 
strong one found in the region 2050-2170 cm '1. Its position has been used by 
Mitchell and Williams199 and others200'202 to determine whether the SCN 
group is S—bonded, N—bonded or bridging. Usually bridging thiocyanate 
(M -SCN -M 1) exhibits a band above 2100 cm '1.
The use of the C -N  stretch as a criterion for bond type is made difficult by the
fact that the frequencies from the various types of bonding overlap. Whereas 
the order may hold for a given metal forming differently bonded thiocyanate 
compounds, this is not so for thiocyanates of all metals. Even with the same 
metal, different environments, as caused by different ligands or counterions for 
example, may cause overlapping of u(CN) for the different bond types. The 
integrated intensity of the v(CN)  band has also been used for determining 
bond type.203"204
The position of the u(CS) bond is another diagnostic feature for bond type.205
The band is in the region 780-860 cm '1 for N-bonded thiocyanate and at 690-
720 cm '1 for S-bonded thiocyanate, but has the drawback of being rather 
weak and is thus often obscured by bands due to organic ligands or 
counterions206 if these are present. The positions of the bands are, however
fairly well separated, unlike the C-N  stretching frequencies.
254
The positions of the C -N  stretching bands for [Cr(SCN)2(depe)2] . H20  and
[Cr(SCN)2(depe)] show that no bridging or S-bonded but only N-bonded,
thiocyanate groups are present. There are no bands assignable to unco­
ordinated NCS: thus, possible structures are simple octahedral for 
[Cr(SCN)2(depe)2]. H20  and planar for [Cr(SCN)2(depe)].
5.4.3 Structures
From the magnetic and i.r. evidence the complexes [CrCl2(dppb)2], 
[CrCl2(dppen)2] and [Cr(SCN)2(depe)2] . H20  are likely to have trans- 
octahedral structures. In [Cr(MeCN)(depe)2](BPh4)2 the metal may be 
square-pyramidal, coordinated by two molecules of the diphosphine and one 
of acetonitrile. These are all low-spin.
Another class are the high-spin, magnetically-dilute complexes [CrBr2(dppp)] 
and [Crl2(dppen)] which may have cis-planar or cis-polymeric six-coordinate 
structures.
It is difficult to assign structures to the remaining complexes in the absence of 
crystallographic evidence. However, the preparation of some complexes 
which are high-spin and some which are low-spin suggests that further 
examples of spin crossover may be obtained with suitable phosphor-donor 
ligands.
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